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ON THE RELATION BETWEEN RAINFALL AND STREAM FLOW-—II 


By Ricumonp T. Zocu 
[Washington, D. C., March 1936] 


PART I 


This article, the second of a series on the mstsort pa 
supposes an acquaintance with the first article. Here, 
instead of considering the drainage area to be rectangu- 
lar, the theory is extended to irregularly-shaped drainage 
areas such as are actually met with on the earth’s surface. 

Throughout this article, as in the first paper, the rate 
of rainfall, the dryness of the soil, and the velocity of the 
water are considered to be constant. Moreover, evapo- 
ration is neglected as before. However, in the last sec- 
tion of this paper it is pointed out that the methods here 
employed for irregularly-shaped drainage areas are en- 
tirely general and can be readily used when the aforemen- 
tioned restrictions are removed. 

In the first paper no mention was made of the tribu- 
taries that streams which exceed the size of brooks 
invariably have; neither was anything said about the 
distance which water has to flow overland in order to 
reach stream channels. Furthermore, while the first 
paper discussed the discharge from a rectangular drain- 
age area, no precise explanation was given as to what 
was meant by a rectangular drainage area. Does a 
rectangular drainage area imply one whose divide out- 
lines a rectangle regardless of how the river and its 
tributaries meander within the rectangle? These ques- 
tions were purposely ignored for several reasons: The 
first paper was essentially introductory; the conditions 
there treated were very much idealized; it was believed 
that the discussion of the questions just mentioned 
belonged in this second article. It is necessary that 
these neglected features be made clear before irregularly 
shaped drainage areas can be adequately treated, and 
therefore they will now be discussed. In apesaanet > 
them it will be simplest to explain certain steps essenti 
to the application of this theory, which explanations at 
first sight might appear more properly to belong in the 
second group of articles. 

Despite the features neglected in the first paper, it will 
have been observed that the distance which water has to 
travel in order to reach the gage plays an important part 
in determining the rainfall. in 
the case of a specific drainage area there may be a large 
subarea from which water has to travel an approximate 
distance of a certain number of miles, while for an approxi- 
mate distance of a different number of miles the corre- 
sponding subarea may be much less. In other words, for 
any given interval of distance which water has to travel, 
the subareas may be quite different; for example, the sub- 
area from which water has to travel from 10 to 20 miles to 
reach the gage may be much less than the subarea from 
which water has to travel from 40 to 50 miles. In order 
to develop a general theory it is necessary to take this 
fact into account. Such is the main purpose of this 
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second paper, and it is here shown that, regardless of 
how irregular any natural drainage area may be, system- 
atic methods can be used for predicting its discharge 
from rainfall. 

In order to apply the theory which will be developed in 
we II it is necessary to have accurate maps of the river 

asin whose discharge it is desired to predict. Maps like the 
topographic maps made and issued by the United States 
Geological Survey will answer the purpose very nicely. 

If the proper maps are available, then the first step 
in applying the theory is to outline the drainage area on 
the maps. This is accomplished by drawing a line which 
begins at the gaging station, follows the divide, and 
finally ends at the gaging station, thus inclosing the 
drainage area. After this it is necessary to determine the 
greatest distance which water has to travel in order to 
reach the gaging station. This distance should then be 
divided into a convenient number of equal parts. Say 
the greatest distance which water has to travel is 300 miles. 
If this distance of 300 miles be divided into 12 equal parts, 
each part will be of length 25 miles. Steps should now be 
taken to outline the several subareas from which water, in 
order to reach the gaging station, has to travel more than 
0 miles and less than 25 miles, more than 25 miles and less 
than 50 miles, more than 50 miles and less than 75 miles, 
and so on. To carry this out it is necessary to measure, 
with a suitable measuring device such as a chartometer, 
up the main stream and up each tributary, marking off 
points corresponding to 25 miles, 50 miles, 75 miles, and so 
on, always being careful to follow the thread of the stream 
while measuring. After these points have been located, 
all of them which are 25 miles from the gage should be 
connected by a smooth line (curve) beginning at the divide? 
on one side of the main stream and ending at the divide on 
the opposite side. All points which are 50 miles from the 
gage should be similarly connected, and so on. Clearly 
each tributary may have tributaries of its own and these 
tributaries may also have tributaries and so on to mere 
brooks or ditches. Hence, the process of finding the 
boundaries of the several aforementioned subareas is a 
slow and tedious task, but it is perfectly straightforward 
and can be carried out easily (though slowly) if the proper 
maps are available. 

om the above explanation it will be seen that the 
lines (curves) which outline the subareas are lines such 
that from all points on any one of them water has to 
travel equal distances in order to reach the gage. For 
this reason they will, in the future, be called equal water 
travel lines. 

Where equal water travel lines cross stream channels 
they do so at right angles. Thus, in a certain sense, the 

1 The term “divide” will be used in this series of articles for the line representing the 
po high ground inclosing the drainage area that contributes to the d harge at the 
g station. The four terms “drainage area’, “drainage basin”, “river basin’’, and 
watershed” will be used synonymously for the area inclosed by the divide. The term 
ting a ridge of the high ground within 
by two tributaries. 
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“water parting’’ will be used for any line re 
the river basin which separates the areas 
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net of stream channels and the equal water travel lines 
form a mutually orthogonal system. In this respect 
equal water travel lines are like contour lines, for the 
latter also cross stream channels at right les. How- 
ever, equal water travel lines should not be confused 
with contour lines, as the two bave no other property 
in common. 

After the equal water travel lines have been drawn on 
the maps as explained above, the subareas comprised 
between successive equal water travel lines should be 
measured. These subareas can be quickly and easily 
obtained by means of a planimeter. 

If these subareas be plotted on a diagram, on which 
the midpoint distances of the subareas above the gagin 
station are abscissas (in the above example these mid- 
point distances are 12%, 37%, 62% miles, and so on, 
respectively) and the corresponding subareas divided by 
the distance between consecutive equal water travel lines 
are ordinates, a histogram of the drainage area is obtained. 
This histogram shows the true shape of the drainage 
area. 

The channel which is followed by the water that flows 
the greatest distance in reaching the gage will be con- 
sidered as the main stream. On the above-mentioned 
diagram the main stream, rectified, forms the axis of 
abscissas. 

Clearly in the above example it was not necessary to 
divide the 300 miles into 12 equal parts. The 300 miles 
could have been divided into a greater number of equal 
parts, thus making the distance between consecutive 
equal water travel lines smaller. Obviously, a very 
accurate histogram can be constructed by making the 
distance between consecutive equal water travel lines 
very small. After the histogram has been completed, 
a mathematical curve can be fitted to it, the equation of 
which will give the width of the drainage area at any 
distance above the gaging station. 

In this paper no histo am has been constructed for a 
specific river basin; the moo explanation has been given 
to show that the theory developed in this second paper 
is very general and can be applied to any river basin for 
which maps are available. In the second group of papers 
the complete process of making one or more histograms 
for one or more actual river basins will be given. 

The distance which water has to travel from where it 
falls as rain over a drainage area, to a gaging station on 
the stream, can be divided into two parts, viz: (1) that 
part where the water travels in the stream channel (or the 
stream channel with its adjacent flood plain), and (2) 
that part where the water travels over the land before 
reaching a permanent stream channel such as a gully or 
brook. The question of overland travel of water was tac- 
itly ignored in the first paper; this was done in order to 
keep the mathematical Caonaia there (the first paper 
being essentially introductory in character) as simple as 
possible. The first section of part II discusses the ques- 
tion of overland travel. It is there shown that the error 
involved in neglecting overland travel entirely, as was 
done in the first paper, is small. <A helpful corollary can 
be drawn from this conclusion: In drawing lines of equal 
water travel on maps it is not necessary to use extreme 
care in drawing an equal water travel line overland from 
one tributary to the adjacent tributary. As the location 
of the points on the tributaries where equal water travel 
lines cross them is a slow process, the fact that the lines 
can be drawn from tributary to tributary by personal 
judgment rather than by exact measurement adds to the 
ease with which the theory can be applied. Of course, 


when the points where equal water travel lines cross the 
several tributaries are being located, great care should be 
exercised. 

The question of the number of parts into which the 
greatest distance that water has to travel in order to 
reach the gage (the 300 miles in the illustration above) 
should be divided, i. e., how many equal water travel 
lines should be drawn when dealing with a given watershed, 
in order to obtain reasonably accurate results, will be 
taken up in the second group of articles on this subject. 

If the greatest distance which water has to travel in 
order to reach the gage be divided into a very | 
number of parts, the histogram obtained by the above 
described procedure will approach a smooth curve; or, 
putting it differently, if the distance between consecutive 
equal water travel lines be made infinitely small, then 
the histogram approaches a smooth curve as a limit. 
This curve will be termed the drainage area curve. Its 
abscissas are distances above the gaging station, and its 
ordinates are the widths of the drainage area. These 
widths must be obtained by the processes above outlined. 
Thus, in general, the width of the drainage area at an 
arbitrary distance above the gage will not be the _—— 
of an equal water travel line corresponding to this dis- 
tance; neither will it be the width of the watershed as a 
crow flies. 

Obviously, it is impracticable in constructing a histo- 
gram of a drainage area to make the distance between 
consecutive equal water travel lines very small. Hence 
the actual mathematical curve which is fitted to the histo- 
gram of the drainage area will not coincide with the the- 
oretical drainage area curve. However, it should approx- 
imately follow the theoretical drainage area curve. This 
point will be further discussed in the second group of 
articles; in the oo paper we assume that this problem 
will cause no difficulty, and the two terms drainage area 
curve and histogram of the drainage area are used more or 
less synonymously in the first group of articles. 

Summing up the above explanations, we can say that 
the shape of the divide has no bearing whatever on what 
is meant by the shape of the drainage area. The true 
shape of the drainage area is obtained by an involved 
process. In particular we say a drainage area is rectan- 
gular when the areas comprised between consecutive equal 
water travel lines are all equal to each other. Since the 
main stream is the axis of abscissas, we can also say & 
drainage area is pipes 22 when its drainage area curve 
is a straight line parallel to the axis of abscissas. In 
general, by the shape of a drainage area is meant the sha 
of the area enclosed by the drainage area curve and the 
axis of abscissas. : 

Two new terms are introduced in this paper; they will 
now be defined. The first derivative of the discharge 
with respect to time is here defined as the rate of discharge. 
The rate of discharge at any given time is the change in 
discharge per unit time at that time, and is measured in 
mile inches per hour per hour. The second derivative of 
the discharge with respect to time is here defined as the 
discharge tendency. The discharge tendency at any given 
time is the change in the rate of discharge per unit time 
at that time, and is measured in mile inches per hour per 
hour per hour. 

As pointed out in the first paper, both the volume of 
discharge and the discharge are functions of the time. 
Likewise, the rate of discharge and the discharge tendency 
are functions of the time. Ifany one of the four quanti- 
ties, volume of discharge, discharge, rate of discharge, or 
discharge tendency, be plotted as ordinates on a graph 
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with time as abscissas we obtain a curve. The nomen- 
clature used for these curves is in accordance with the 
variable that forms the ordinate. To illustrate, figure 4 
is a volume-of-discharge curve; figure 5 is a discharge curve, 
and so on. 

Having considered the questions of overland travel, 
tributaries, and the precise meaning to be attached to the 
term “shape of the drainage area”, and having defined the 
new terms introduced in this paper, it now remains, in 
order to carry out the plan of describing in the first part 
of each paper what is done mathematically in the second 
part, to explain the remaining sections of part II: 

In section 2 of part II a drainage area whose histogram 
has the shape of a triangle is discussed. It is there pointed 
out that even so simple a drainage area leads to equations 
which cannot be explicitly solved in literal form. It is 
also pointed out that in this special case, for short rains, 
that is to say, rains whose duration is less than the time 
required for water to flow from the most distant part of the 
drainage area to the gage (compare the comments made in 
connection with equation (9) in the first paper), a different 
equation must be solved to obtain the maximum dis- 
charge from that which is necessary when the rains are 


long. 

The third section takes up the special case of a drain 
area whose histogram has the shape of an ellipse. The 
discussion there shows that in selecting a curve by which 
the histogram is to be represented, great care must be 
taken lest expressions which cannot be integrated be 
encountered. It is also shown that even though we may 
not always be able to solve explicitly for the time of the 
crest, we can, nevertheless, always express the maximum 
discharge explicitly in literal form. This is a very impor- 
tant point, and will be of the utmost assistance in apply- 
ing the theory. oy 

Clearly there will be few drainage areas whose histo- 
grams can be reasonably well represented by simple geo- 
metrical curves such as a rectangle, triangle, or ellipse. 
For this reason the fourth section takes up the general 
case where the drainage area curve is expressed by any 
function whatever. 

In this fourth section equations analogous to the equa- 
tions of the first paper are derived. In addition to 
enabling us to predict the maximum discharge and its 
time of occurrence, these equations reproduce the complete 
hydrograph which results from a single rain. It is there 
pointed out that for some drainage areas a single rain can 
cause only one crest, while in other drainage areas it ma 
cause more than one crest, and the precise conditions whic 
the drainage area curve must satisfy in order that a single 
rain may cause a single crest are given. However, it is 
further pointed out that if the rain lasts long enough for 
water to flow from the farthest part of the watershed to 
the gage, then a single rain can cause only one crest, 
eee of the shape of the drainage area. 

t is also shown in section 4 that the maximum discharge 
from « watershed which results from a given rain is equal 
to the discharge from that portion of the watershed which 
lies between two equal water travel lines in a steady state. 
The expression ‘‘ steady state’”’ here means that the rain 
has lasted so long that there is just as much water aad, 
off the soil as there is rain falling upon it; one of the equa 
water travel lines is that which lies at the greatest distance 
which water has to travel to reach the gage, the other lies 
at that distance above the gage which water would travel 
mm the interval beginning with the end of the rain and 
ending with the time of the crest. However, for infinitely 
short rains, it is shown that the maximum discharge has 
a still simpler interpretation, and is equal to the product 
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of the depth of the rain times the velocity of the water 
times the width of the drainage area at the equal water 
travel line corresponding to the time of the crest. 

Finally, section 4 shows that both the discharge and 
rate of discharge curves are everywhere continuous, except 
that for infinitely short rains the rate of discharge curve 
may have a discontinuity at the time of the crest; and 
that the discharge tendency curve is continuous except at 
certain points. 

The fifth section discusses a drainage area curve which 
overcomes all the difficulties raised in the second and third 
sections. The purpose of the sixth and last section was 
mentioned in the second paragraph above. 


PART II 
FOREWORD 


The figures in this series of articles are numbered con- 
secutively for the series as a whole, and not separately 
for each article. 

Two methods are used in numbering the equations. 
When an equation of e preceding paper is generalized 
in a subsequent paper, then the number of the equation 
as it first appears in the series will be preceded by a letter. 
Thus in this paper all of the equations in section 2 of the 
first article are generalized, hence these generalized equa- 
tions are prevented by the letter B. The letter C will be 
similarly used in the third article, and so on. Should it 
be necessary to give the same equation two separate 

neralizations in the same subsequent article then the 

etter will be primed. 

Those equations which are not generalizations of equa- 
tions previously given will be numbered consecutively for 
the entire series. It is ho that this dual system of 
numbering the equations will cause no confusion. 

The mathematics used in this article is but slightly more 
advanced than that in the first one; and every effort has 
been made, consistent with keeping the cost of publication 
reasonable, to have all developments clear. 


SECTION 1: OVERLAND TRAVEL 


In order to facilitate the mathematical treatment of 
overland travel, it is here assumed that the water travels 
overland in a direction perpendicular to the stream 
channel. Naturally this is not always the case, but it 
will be clear to the reader that this assumption is permis- 
sible since the complete neglect of overland travel in- 
volves only a small error. 

Consider a rectangle whose width is W and whose 
length is Z. Take the X-axis as the line parallel to and 
midway between the lines forming the sides (length) of 
the rectangle. Take the origin at one end of the rec- 
tangle and assume that the gaging station is at the 
origin and that the stream channel coincides with the 
X-axis. Let w be the distance from the stream channel 
to the infinitesimal area dwdz; the definitions of all other 
symbols were given in the first paper. 

Now at the time ¢ each infinitesimal area, dwdr, con- 
tributes to the discharge at the gaging station, y, not its 
discharge at the time ¢ but its discharge at the time ¢t 
diminished by the time required for the water to flow 
from dwdz to the ing station. Clearly the time re- 
quired for the water to low from dwdz to the gaging sta- 
tion is the time required for the water to flow from dwdz 
to the stream channel plus the time required for the water 
to flow from where the discharge from dwdz reaches the 
stream channel to the gaging station. Since the velocity 
of the water is v, these times are w/v and z/v, respec- 
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tively; and therefore the time required for the water to and the discharge from the triangle is 


flow from dwdz to the origin is (w+z)/v. The discharge, 
y, is the sum of all the discharges from the infinitesimal 
areas dwdz; it is therefore (under properly chosen con- 


ditions) equal to the double integral (see fig. 2): 


If the time ¢ be taken sufficiently large so that the 
water from the area dwdz farthest from the gaging sta- 


L +| 
‘i 
| 
= } River x-axis 
FIGURE 2. 


tion has had time to reach the gage (in other words if 
tv=>L+%W), then the limits on the above integrals are 
%W and —%W, and ZL and 0; and on performing the 
indicated integration and substituting those limits we 
obtain the equation: 


Equation (10) holds on the range with 


the additional restriction that tSt. That is to say, 
as long as the rain lasts, equation (10) applies. 
to, y approaches the limit WLr. It should be noted 
that equation (4) has this same limit as to. In 
other words, for equations (4) and (10), if the rain lasts 
sufficiently long a steady state will eventually be reached 
when there is just as much water flowing away from 
the area as there is rain falling upon it; this is just as 
would be expected, and moreover the discharge in this 
steady state is not dependent on whether overland 
travel is considered or neglected. From the nature 
of the problem, and without going into any involved 
mathematics, it is clear that the discharge at the time 
of a steady state is independent of the size and shape 
of the drainage area. 


When the time t<t » the discharge, y, will not be given 


by the above integral, but will be the sum of the dis- 
charges from a rectangle whose width is W and length 
is tv—%W and from a triangle whose base is W and 
altitude is 4%W. (See fig. 3.) The discharge from the 


rectangle is 
-4W J 


0 


On performing the above integration, substituting the 
indicated limits, simplifying and adding, we get the 
equation: 


Ww 
y=r| Wte— Weo— YW? + ( |, (11) 
Equation (11) holds only on the range Wats with 


the restriction that ‘=f. When overland travel was neg- 
lected, the curve, y, representing the discharge from the 
time the rain begins to the time after the rain stops 
when the discharge has receded to its value when the 
rain began, was a continuous curve whose first derivative 
with respect to time, dy/dt, was continuous and whose 


second derivative with respect to time, 2 | was also con- 


tinuous except at three points, viz., t=Lv, t=t, and 
t=t,+L/v. The effect of these three points of dis- 


continuity in x was to divide the curve for y into four 


sections represented by equations (3), (4), (6), and (5), 
respectively. Figure 4 illustrates the integral of the dis- 
charge curve. Figures (5), (6), and (7) illustrate a theo- 
retical discharge curve, its first derivative, and its second 
derivative for a rectangular drainage area where overland 
travel is neglected. Figure (7) clearly shows the three 
points of discontinuity. As the derivative of a function 
is discontinuous at every point where the function is 
discontinuous, it follows that the third derivative of y 
with respect to t will also be discontinuous at these three 
points. Now when the question of overland travel is 
considered, as above, then not only both y and dy/dt 


Ww-axis 


= 0 


but also p are everywhere continuous. However a is 


continuous except at, not three points, but seven points, 
and the y-curve is thus divided into eight sections. The 
following table gives the range of ¢ for each of the eight 
sections and the number of double integrals required to 
obtain y: 
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The foregoing table is based on the assumption that 
t= (L+ UW) Io. Clearly t), the duration of the rain, ma 
be less than (L+%W)/v. In such a case the above tabie 
would have to be modified, and it may happen that as 
many as five double integrals would be required to 
obtain ¥. 

Equations for y as a function of ¢ on each of the above 
ranges will not given here; should they be desired, 
their derivation is perfectly straightforward, though 
tedious, as the above two equations show. As the main 

urpose of these papers is to devise a scheme for predicting 
flood crests, only one more equation for these ranges 
will be obtained, viz., that for the range t,+W/2vsts 
t:+L/v, as this range contains the time of the crest. 

It follows by reasoning similar to that given in the 
first article, together with that already given here, that 
the discharge on this last-mentioned range is given by the 
sum of (1) the discharge of a rectangle of width W and 
length 7—%W where the rate of run-off is decreasing; 
(2) the discharge of a triangle of base W and altitude 
\W where the rate of run-off is decreasing; (3) the dis- 
charge of two triangles, each of base \W and altitude }W, 
adjacent to the triangle of (2) and where the rate of 
run-off is increasing; and (4) the discharge of a rectangle 
of width W and length L—2., where the rate of run-off 
is increasing. The discharge is, therefore, the following 
sum of four double integrals: 


On performing the above integrations, substituting the 
indicated limits, simplifying, remembering here that 
%y=t(t—to), and adding, we get the equation: 


| | + 
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_We can find the time of the maximum discharge by 
differentiating equation (12) with respect to ¢, and setting 
this derivative equal to zero. On doing this and simplify- 
ing, the following equation is obtained which gives the 
time of the crest: 


t.=c log 1)+e log (c=—1) (13) 


Equation (13) agrees exactly with equation (7) except for 
the addition of the term c log cad (e—1), It will now 


be shown that in all practical cases equation (7) gives ¢, 
with sufficient accuracy: 

Consider L to be 50 miles (for a value of L this small, 
it is doubtful if it would be practicable to make flood crest 
forecasts). JZ is purposely taken this small because as L 


increases the effect of the term c log Sy ( 2-1) on ¢, 


becomes less and less. Take W as 2 miles; this means 
that the greatest distance that water would have to 
travel overland is 1 mile. It is believed that this value is 
greater than is usually found in nature. It may be well 
to point out here that the fact that a stream has tribu- 
taries, thus increasing the width of the drainage basin, 
will not increase W; W/2 is the greatest distance that 
water would have to travel overland to reach some tribu- 
tary (i. e. a permanent stream channel). Except on 
extremely flat land, W/2 would not ordinarily exceed 1 
mile; a glance at any topographic map will bear this out. 
Moreover, increasing the number of tributaries will have 
no efiect on ¢,; it will affect y, but not t,. 

Consider now the constant c. This is a time constant, 
and when we say that a certain parcel of ground in a 
specified condition has a constant ¢ equal to a certain 
number of hours (say 4 hours) we mean that at the end of 
4 hours from the beginning of the rain the rate of run-off 


from the parcel of ground will be (:-) times the rate 


of rainfall which is falling upon the ground. Thus the 
time constant is the time in which the rate of run-off 


reaches (0-2) ———=0.63212 (approximately) 
of its final value (steady state). Clearly, the longer the 
time necessary for the rate of run-off to reach 0.63212 of 
the rate of rainfall, the greater is the amount of water 
which the soil retains; but the point to be emphasized is 
that we measure the capacity (dryness) of the soil in time 
(hours) and not in volume as might be supposed. It is 
believed that c is always greater than 1 hour. For 
soils covered with growing vegetation, 24 hours would 
probably be a good average value of c. 

When streams are low, v may be as small as % mile per 
hour or even less; but when a stream rises sufficiently to 
cause a flood, » will usually be much greater. Summing 


up, we can assume that in practice > c>1 and v>1. 


Under these conditionsit can be shown that log we 1) 


is everywhere positive but less than 0.541. It has 
the value 0.541 when 2cv/W=1, and approaches zero 
very rapidly when 2cv/W is greater than 1. Of 
course, it is necessary to multiply the small quantity 


log (2cv/W) (cw—1) by c, and the product might be 


appreciable. Accordingly the following table has been 
prepared showing the relative values of the two terms on 
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the right-hand side of equation (13) for selected values of 


v, andec. In all cases L=50 miles and W=2 miles. 


L ter Ww 

Hours a. 8 Hours Hours Hours 
18 3 4 20. 14 0.17 
15 4 4 16. 65 13 
15 4 6 17.73 13 
15 4 x 18. 65 14 
16 4 10 19. 42 16 
13 4 10 18. 18 16 
17 3 4 1°. 58 17 
17 4 4 18. 08 


In all of the above cases the second term of equation (13) 
is less than 1 percent of the first term. The error caused 
by dropping this term is therefore negligible. Of course 
as c increases, the second term increases faster than the 
first, but a larger value of Z would more than offset this. 
In all of the above cases, t, is very small, mainly because 
of the small value of Z; and for these small values of ¢,, 


1936 


(6), (7), and (8) in place of the more accurate equations 
(12) and (13). 

In the following table there is listed the maximum 
discharge from a drainage area where W=2 miles, L= 
50 miles, and r=0.20 inch per hour. 


to Ve We 


Computed from 
Hours | per bour| Hours | imehes per | 824 (13) (mile. 


Per | inches per hour) 


18 3 4 17.43 17.44 
15 4 4 17. 36 17.35 
15 4 6 15. 63 15. 62 
15 4 8 14. 16 14. 15 
15 4 10 12. 93 12. 87 
13 4 10 11.71 11. 65 
17 3 4 16. 90 16. 90 
17 4 4 18. 21 


While there is a systematic error in t, when overland 
travel is neglected, the above table shows that the error 


| 
® 
> 
TRS 
~ The tion of this line is: w=W(J-= 
= equation of this line is: 7 
> 
0 x-axis , 
—. L 
FIGuRE 8.. 


it would be impracticable to make flood crest warnings. 
It is doubtful whether it would be practicable to issue 
flood crest warnings when L is less than 125 miles. We 
conclude, therefore, that the error caused by dropping the 
second term in equation (13) is negligible in all practical cases. 

The question now arises as to what will be the error in 
y. caused by dropping the second term of equation (13). 
Clearly, if a stream has many tributaries, the discharge at 
the gaging station may be considered as the sum of the 
discharges from each tributary; each such discharge is 
given by either equation (6) or (12), depending upon how 
much accuracy is desired. Thus the more tributaries a 
stream has, the less the error involved by using equations 


in y-, caused by entirely neglecting overland travel, is 
negligible. The actual error in y, is even less in practical 
cases, because the more tributaries a stream has, the less 
the effect of overland travel on y,. 


SECTION 2: THE DISCHARGE FROM A TRIANGLE 


Suppose that the histogram of a drainage area has the 
shape of a triangle. (See fig. 8.) Let the length of the 
base of the triangle be the length of the main stream of the 
river, and call this length L. Let W be the extreme width 
of the histogram. Then the width W at distance z above 
the gaging station will be (W/L)z. For the sake of brevity 
put =a. Suppose that t>L/v. Then it follows, by 


ne 
fut 
F 
| | 
) 
+. 
“ 
| 
4 
4 
a 
a 
: 
24 
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reasoning similar to that in the first paper, that the dis- 
charge on the range t=tSt)+L/v from such a drainage 
area is given by 


and on performing the integration, substituting the indi- 
cated limits and simplifying, recalling here that 2= 
v(t—t), we obtain the equation: 


2 


The time of maximum discharge, t,, may be found by 
differentiating equation (14) with respect to time, and 
setting this derivative equal to zero. The first derivative 
is easily found to be 


and on setting this equal to zero we replace ¢t by ¢, and 


obtain 


(14) 


(15) 


The time of the crest is the time, ¢., which satisfies equa- 
tion (15). Equation (15) is of the form Ae'—fe&=B. 
Equations of this type cannot be solved explicitly in 
terms of elementary functions. Hence it is necessary to 
solve equation (15) by numerical methods, or by a nomo- 


am. 

Equation (14) was derived on the assumption that 
b>L]. Suppose 4<L/v. Then it follows, by reasoning 
similar to that given in the first paper in the development 
of equation (9), that the discharge is given by 


On performing the integration, substituting the indicated 
limits and simplifying, we obtain 


Equation (16) holds on the range StS L/v. It can be 
shown that equation (16) does not have a maximum on 
the range for which it holds. Hence equation (14) al- 
ways has a maximum regardless of whether SL/v. 
uppose now that the gaging station is at the point A 
rather than at the point 0 in figure 8, i. e., ne Yr" the 
river flows to the right instead of to the left. In other 
words, consider the case where the width of the drainage 
area decreases with increasing distance above the gaging 
Station, rather than increases with increasing distance 


(16) 


72457T—36——_2 
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as formerly. Then w is not tye by (W/L)z, but by the 
equation w= W—(W/L)z=W—az. Suppose t)>L/v; then 
on the range 4;<tS%+L/v the discharge is given by 


+f° (W—az)r( 1 ; 


and on performing the indicated operations and sim- 
plifying, we get 


WL—Wo(t—t)-+ Weve" 


L 
The time of the maximum discharge for equation (17) can 
be found in the usual manner. 
_ If h<L/e, then on the range 4<t<L/v the discharge 
is given by 


On carrying out the indicated operations we get 


If we differentiate equation (18) with respect to time, 
t, and set the derivative — to zero and solve the re- 
sulting equation for ¢, we find that equation (18) has a 
maximum when 


tmelog 


Equations (9), (16), and (18) all hold on the range 
t=t=L/v, but a ply to differently shaped drainage 
areas. It should be noted that while equations (9) and 
(16) have no maxima on this range, equation (18) does. 
The important fact which equations (18) and (19) es- 
tablish is that the crest, or maximum discharge, may 
occur in some drainage areas before any water from the 
upper part of the drainage area has reached the gage. 
This feature will be discussed further in section 4 of 


this paper. 
The frst derivative of equation (16) is easily found to 
be dy/dt=arv’ [ 1)} and the second deriva- 


tive is d’y/dt?=arv’ Suppose we equate 


the first derivative to zero, and call the particular value of 
t which satisfies the equation t,; we can solve this equa- 
tion for t,; thus 


(17) 


(18) 


(19) 


t.=e log £{ —1). (20) 


ty 


|| 
2 
if the terms be rearranged, we finally have the equation ee re 
( — ee +06 — | | ‘ 
ssi 


we 
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If we substitute this value of t, in the second derivative, 


we get d*y/dt?=arv’c/t), which is a positive quantity, hence 
equation (2) gives the value of a minimum for equation 
(16). Now from the physical nature of the problem, we 
should not expect equation (16) to have a proper mini- 
mum on the range for which it applies, viz., (=t=L/v. 
It will now be shown that the value of t, given by equation 
(20) is less than t. Write equation (2) in the form 


= and for brevity put and then 
we get ef =2(—1). Now expand the exponentials in a 
series, thus: 
....= 


If ¢2n, then each term of the second series, n"/(n+1).’ is 
less than the corresponding term, ¢"/n.’ of the first, hence 
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equation is (w/W)?+(2x/L—1)’=1. (See figure 9.) It 
follows readily that the width of the drainage area at 
distance x from the gaging station, with the origin at the 
latter, is given by the equation w=W-/1— (2z/L—1)’. 
Instead of obtaining at once the equation on whose range 
the crest occurs, as was done in section 2, consider the 
range L/vS t S t; this was the range for equation (4) 
in the first paper. On this range the discharge is given 
by the integral: 


Wr Ji—(z/L— Jae. 


As this integral cannot be evaluated in terms of elemen- 
tary functions, each step in performing the above inte- 
gration will be given in detail. First dividing by Wr, 
and then multiplying the expressions under the integra] 
sign, we get: 


L 
y/Wr= v1—(2z/L—1)*dzx 


—(22/L—1 yee (5) ae. 


The equation of this curve is: wes Wy 1-5-1)" 


x-axis 
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in order that the equality may be satisfied, ¢<q, i. e., 
t-<to; and equation (16) has no minimum on the range 
for which it applies. 

In the case of the rectangle it is always possible to 
find the time of the crest, t,, explicitly. In the case of the 
triangle, the time of the crest can be expressed explicitly 
in some instances but not in all; thus the derivatives of 
a (16) and (18) can be solved explicitly for ¢, 
while those of equations (14) and (17) cannot. e shall 
now consider drainage areas where in no case is it possible 
to express the time of the crest explicitly. 


SECTION 3: THE DISCHARGE FROM AN ELLIPSE 


Consider now the case when the histogram may be 
fitted by a semiellipse; if L be the length of the histogram 
and W the extreme height of the histogram, then the 


The first integral in this last equation can be evaluated 
in terms of elementary functions, and is readily found 


to be 


@2/L—1) 


+are sin (22/Z— » | 


The second integral can be written in the form: 


t (L z 
e¢ V1—(22/L—1)*e* dz. 


Now replace z by L; then when z=0, 6=—1, 


f 
Ys. 
= 
| 
~ 
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and when z=L, @=1; also dr=(L/2) d#. Making these 


substitutions, we have 
L 
ee fi (L/2)de 


=5Le ( Ins) I,(L/2cv) 


= J, (L/2cv), 


where J,(L/2cv) is the modified Bessel Function of the 
jirst kind of order one with argument L/2cv. The discharge 
from the semiellipse on the range L/v<tSt, is therefore 
given by 


1 
=] (21) 
Next consider the range OSt=L/v, where also tSt; 
here the discharge is given by the integral: 


In trying to evaluate this integral we divide the 
equation by Wr and multiply the expressions under the 
integral sign and get 


to 1 zr 
f, y¥1—(22/L—1)*e (-%) dz. 


By evaluating the first integral, and making the substi- 
tution z= (L/2) (@+1) in the second, we have 


t L@+1)2c0 
—e V1—@e (L/2)de. 

On further simplification, we find that on the range under 
consideration the discharge is given by 


y= (2t/L—1) Qte/L—1)? 
+are sin (2tv/L—1 


1 2to/ L— TA/2cv 


The integral occurring in equation (22) cannot be 
evaluated explicitly in terms of any mathematical 
functions now known. It is necessary to use numerical 
methods to evaluate it. 

Consider now the range 4+L/ostx@. It follows, 
by reasoning similar to that used in deriving equation (5) 
in the first paper, that on this range the discharge from a 
semiellipse is given by 


y= f, de, 


and clearly this equation can be written in the form 
L z 
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On making the same substitutions used in deriving 
equation (21), we obtain 


L(0+1)/2c0 (L/2)do 


= neve: 7. 


where J, (L/2cv) has the same meaning as in equation (21). 
On multiplying by Wr we finally obtain 
1 
y= Wrevre™« I,(L/2ev). (23) 
To complete the treatment of the semiellipse where 
t,> L/v, it remains to consider the range tS 9+L/v. 
It is on this range that the crest occurs. It follows by 
reasoning similar to that used in deriving equation (6) 
that on this range the discharge from a semiellipse is 
given by 


On dividing by Wr and multiplying the expressions under 
the integral signs, we get 


L _te 


—(22/L—1 


The first integral in this last equation can be evaluated in 
terms of elementary functions; the second and fourth can 
be combined, using the limits 0 and Z. On doing this and 
making the same substitution used in deriving equation 
(21), we finally obtain 


)| 
— reve-+(t-12) I,(L/2cv) 


On multiplying by Wr and recalling that z=v(t—t)), we 
now get 


y= Wel (20{t—to}/L—1) /L—1) 


L 
—are sin 7 


Equation (22) expresses y as a function of t, but the 
function is not an elementary one; in fact it is not possible 


(24) 


~ 
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to evaluate the integral in this equation in terms of any 
known mathematical functions. In no one of the four 
ranges which have been considered is it possible—except 
for the particular values t=0, t=o, ed also as will be 
pointed out presently t=¢,—to express y as a function of 
t by means of the elementary functions. In the cases of 
equations (21) and (23), y involves the modified Bessel 
function of the first kind of order one, while equations (22) 
and (24) are still more complex and involve a different 
and unnamed function. This is readily seen when we 
observe that in the development of these four equations 
the integrand encountered is the same; and, while in 
deriving equations (21) and (23) the upper limit is fixed, 
for the other two equations the upper limit is variable. 
Now it is an interesting fact that, while in general y is 
not an elementary function of t on the range t)StSt,+L/v, 
for the particular value of t when the maximum discharge 
occurs y can be expressed in terms of elementary functions. 

The maximum discharge, y,, can be obtained from 
equation (24) as follows: Multiply both sides of equation 
(24) by e’’*. Then differentiate both sides of the resulting 
equation with respect to t; recall here that the formula 
for differentiating under the integral sign is 


Then put dy/dt=0 and finally multiply by ce’. Then 
on collecting terms on the right, we have: 


(20{t.— to} /L—1) /L—1)? 
—are sin (2v{t,—t)}/LZ—1)]. (25) 


No equations will be derived for the case when b<Z. 


It is not likely that they would be of pone value; but 
if they should be desired, the reader should have no diffi- 
culty in obtaining them by using steps quite similar to 
those given above. 

It will now be clear that the triangular and ellipticall 
shaped drainage areas involve considerably more diff 
culties than the rectangular. For these reasons, and also 
because comparatively few watersheds would have a 
histogram whose shape is that of a simple geometric 
figure, no further equations will be given for geometric 
configurations. The difficulties mentioned in connection 
with the triangle and the ellipse should be kept in mind 
as one reads the remainder of this paper. 


SECTION 4: THE DISCHARGE FROM ANY DRAINAGE AREA 


In this section all of the formulas of both this article 
and the first article are summarized. This summary 
should be of much convenience to those who wish to apply 
the theory developed in this series of articles. 

Instead of considering a drainage area whose histogram 
is of a special shape, as an ellipse or a triangle, or one to 
whose histogram a particular mathematical equation has 
been fitted, consider the more general case of a drainage 
area whose histogram may be represented by the function 
w=W*(ar). When for W(z) we substitute special functions 
we get special cases; thus, if W(z)=W, a constant, we 
have the case of a rectangle, if W(x) =W—(W/L)z, we 
have one of the triangular cases, and if W(zr)= 
W-+1—(2z/L—1)* we have the case of a semiellipse, all 
of which have already been discussed. 

Let the greatest distance that water has to travel in 
order to reach the gage be L. Then the following mathe- 
matical restrictions will be placed on W(z): 


1. W(z) shall be single-valued, except at points of dis- 
continuity where it shall be two-valued; 

2. Wa) shall be everywhere finite (in other words, W(z) 
is bounded); 

3. W(x) - 2! be everywhere positive, except possibly 
at z=L where it may have the value zero; 

4. W(z) shall not have more than a finite number of 
discontinuities on a finite range. 

Each of the above restrictions is justified by the physi- 
cal nature of the problem. Thus a drainage area curve 
which is not single-valued, or is infinite, or is negative, 
would have no practical meaning. It may be thought 
that the last restriction is more general than is necessary 
practically, and that to say W(zx) shall be everywhere 
continuous would be sufficiently general. However, a 
mountain range, or a divide between two tributaries, 
within a drainage area, may cause a discontinuity in the 
drainage area curve. Thus, if a river has cut a gorge 
through a range of mountains, and if the tributaries down- 
stream from the gorge and range are of such nature that 
the range itself corresponds to an equal water travel line, 
then there will be a discontinuity in the drainage area 
curve. 

It follows, by reasoning similar to that used in deriving 
oon (3) in the first paper, that on the range 0O=t=L/p 
where t=t, the discharge from a drainage area whose 
histogram is represented by w=W{(z) is given by 


y=r “welt fae 


We may say that the generalized form of equation (3) 
is equation (B-3). When t=0 then y=0, and when 
t=L/v equation (B-3) takes the form: 


which is the generalized form of equation (8a). 
On the range L/v=t=t, the discharge is given by 


y=r{ owe) fe 


which is the generalized form of equation (4). Since 
f, W(zx)dz is the area of the drainage basin, and since 


as to, e~/°-+0, equation (B-4) shows that if the rain 
continues sufficiently long the discharge approaches the 


product Ar=r  We@)dr, the area of the watershed times 


the rate of rainfall, as a limit. Equation (1) shows that 
if the rain continues sufficiently long, then the volume of 
rate of run-off also approaches Ar as a limit. However, 
the volume of rate of run-off approaches the limit Ar more 
quickly than does the discharge, because in equation (1) 


L 
the coefficient of e~‘’ is f, W(a)dx=A, while in equation 


L 
(B-4) the coefficient of is f, W (a)eerdz, and 


(eis 
= 
d “of db da 
da): Oa da da 
9 
‘ 
5 
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On the range t,+L/v=t=o, the discharge is given by 
the generalized form of equation (5), viz, 


As lo, the discharge as given by equation (B-5) ap- 
proaches the limit zero, Likewise equation (2) shows 
that as t—> ©, then the volume of rate of run-off approaches 
zero as a limit. As in the case of equations (1) and (B-4), 
equation (2) approaches the limit 0 more quickly than 
equation (B-5), and for the same reason. 

When t=L/v, equation (B—4) takes the form of equation 
(B-3a); and when t=t), equation (B-4) becomes 


y=r| | (B-4a) 
0 0 
When t=t).+L/v, equation (B-—5) takes the form: 
L L z 
y=re a(1—e-**) W 
Equations (B-4a) and (B-5a) are the generalized forms 
of equations (4a) and (5a). 


On the range tp=t=t).+L/v where tp >L/v, the discharge 
is given by [recall here that v(t—t))=2] 


y= rf welt fe 
“Wee (a —e 


On multiplying the expressions under the integral sign and 
dividing by r, we get 


(B-5a) 


In this last equation the second and third integrals can be 
eee using the limits 0 and L, whence we finally 
obtain 


When t=t, then equation (B-6) reduces to equation 
(B-4a); and when t=t.+L/v, equation (B-6) becomes 
equation (B-5a). 
By applying the rule for differentiating under the inte- 
sign, we find the derivative of equation (B-6) to be 


dy/dt= —vW (to—twv) + 


Clearly the first and last terms on the right cancel, whence 
the above simplifies to 
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Then on equating dy/dt to zero, we get 
to (*tev—tw I L z 


Equation (B-7) is not a generalized form of equation (7); 
but the time of the crest, ¢., is given by the solution of 
equation (B-7). 

The maximum en es can be obtained by multiplying 
both sides of equation (B-6) by e**, differentiating the 
resulting equation with respect to t, putting dy/dt=0, and 


finally solving for y, by multiplying by + et. On carry- 
ing out these steps we get 


L 
¥e= dz, (B-8) 


which is the generalized form of equation (8). It should 
be noted that in the first paper equation (8) could have 
been derived from equation (6) by the procedure here 
suggested, instead of the more straightforward method 
used there; and moreover that equation (8) can be written 


in the form: ‘ 
Wr dz. 
—ta) 


Equation (B-8) is an exceptionally neat way in which to 
express the maximum discharge, and further comments 
will be made on it later. 

Equations (B-6), (B-7), and (B-8) were derived on the 
assumption that t,>Z/v. If t<L/v, then the discharge 
on the range fpSi=L/v is given by 


(B-9) 
When t=t,, equation (B-9) takes the form 
y=r| f, We cede}; (B-9a) 
and when t=L/o, equation (B-9) takes the form 


L—tos 


It should be noted that when t=t), equation (B-3) re- 
duces to (B-9a); and when t=L/v, equation (B-6) reduces 
to (B-9b). Equations (B-9), (B—9a), and (B-9b) are the 
Sn forms of equations (9), (9a), and (9b), respec- 
tively. 

ie es be shown that the first derivative of equation 
(B-9) with respect to ¢ can be written in the form 


(B-9n) 


to (t—t.) 


r £ fe 


and the second derivative of equation (B-9) with respect 
to time can be written 


— 


Tt 


4 
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If we set the first derivative just obtained equal to zero, 
we get the equation 


te 


By multiplying both sides of equation (B-9) by ée” 
differentiating the resulting equation with respect to f, 
putting dy/dt=0, and lastly solving for y, by multiplying 


by e~*-*, we get 
(B-8a) 


v(te—to) 


It follows from the conditions for a maximum that are 
given by the elementary calculus, and from the form of the 
second derivative of equation (B-9) above, that equation 
(B-8a) gives the maximum discharge when the solution 
of equation (B-7a) for ¢, gives at least one value such 
that t)<t.<L/v, and when W(tw)<W(tw—tv) for the 
value of ¢, in question. If the width of the histogram of 
the drainage area increases with increasing distance from 
the gaging station, i. e., if W(x) increases as zx increases, 
even if in this case W(z) is discontinuous, then W(t,v)> 
W(tw—twv) for all admissible values of t,, and therefore 
equation (B-8a) cannot furnish the maximum discharge. 
If the width does not everywhere increase with increasing 
distance from the gage, the equation (B-8a) may furnish 
the maximum discharge. 

A method of showing that the equations (B-3), (B-4), 
(B-6) and (B-5) are correct is to integrate them with 
respect to ¢t between the limits for which they apply, and 
ascertain that the sum of the four integrals thus obtained 
is equal to the volume of rainfall which falls during the 
rain-causing freshet. This process was carried out in the 
first paper for the special case there discussed. In the 
same way it can be shown that the volume of discharge 


L 
for the general case is rtf W(z)dz, which is also the 


volume of rainfall. 
Concerning equations (B-6) and (B—7) we can draw the 
following conclusions: If we evaluate (dy/dt),-, for equa- 


L £ 
tion (B-6), we get W(ax)erdz. Clearly this 
quantity is positive. If we evaluate (dy/dt),-,+L/v for 


L L 
equation (B-6), we get—(r/c)e™ «(1—e7*) W 
Clearly this gees is negative. Now dy/dt is con- 
tinuous for all values of t, even though W(z) be dis- 
continuous. Therefore, it follows that equation (B—7) has 
at least one real root ¢, on the range toX<t,St)+L/e. 
Moreover equation (B-7) has only one real root on this 
range. For even if W(x) be discontinuous, the left-hand 
member of equation (B-7) exists and is an increasing 
function oft... Since the left-hand member is an increasing 
function of ¢t,, it will equal the right-hand member at but 
one point. This root of equation (B-7) corresponds to a 
maximum and not a minimum. For the second derivative 
of equation (B-6) is 


c 


Since the first two terms vanish when dy/dt=0, and since 
W(z) is not less than zero, it must follow that d*y/d?<0 
when dy/dt=0, and we have the necessary conditions for a 
maximum fulfilled. Thus the unique solution of equation 
(B-7) is the time of the crest. We have now proved that 
equation (B-6) has one and only one maximum point. 
By similar reasoning it can be shown that on the range 
tp><t=t,+L/v where t,>L/v, the discharge curve has no 
point of inflection at which the change in discharge with 
respect to time is zero. 

e now turn to a similar discussion of equation (B-9) 
and its derivative. The first derivative of this equation 


evaluated at t=t is Clearly this 


quantity is positive. Moreover dy/dt is everywhere con- 
tinuous. ow the first derivative evaluated at the 
point t=L/v is 


Clearly this quantity is positive or negative according as 
the first term in the bracket is greater or less than the 
second term. If (dy/dt):-z is negative, then dy/dt, being 
continuous, will have an odd number of real roots. If 
(dy/dt),-r is positive, then dy/dt will have either no real 
root or an even number of real roots. 

Consider now the range L/v<ts<t,+L/v where t.< 
On this range the discharge is given by an equation of the 
same literal form as equation (B-6); but as Sree 
(B-6) was derived on the assumption that t,>L/v, we 
shall, for the sake of definiteness, call the equation of dis- 
charge on this range where t)< L/v equation (B-6a). Recall 
here that when t=L/v, equation (B-6) and hence also 
equation (B-6a) reduce to equation (B-9b). Now if 
(dy/dt) iS negative then equation (2-6a) will not 
have a maximum. For its derivative is everywhere 
continuous, and as W(zr)e7/“dz is an increasi 
function of ¢, and all other quantities in the derivative o 
equation (B-6a) are positive, it follows that once this 
derivative becomes negative it remains negative. Fur- 
thermore, if (dy/dt),.1;. is positive, then by the same 
reasoning as that used for equation (B-6) it follows that 
equation (B-6a) will have one and only one maximum 

int. 

PoWe now want two tests: (1) one to show whether 
(dy/dt),-1,,5=0; and (2) the other, to be used when 
(dy/dt),.r;.>>0, to show whether the first derivative of 
equation (B-9) will have no root or an even number of 
roots. 

Test (1) is easily devised, thus: Solve equation (B-7) 
for ¢t.. If tw2=L, then (dy/dt),-1,,20; and equation 
(B-6a) furnishes a maximum. The convenient thing 
about this test is that the test itself furnishes the time of 
the maximum discharge, provided of course (dy/dt) ;~1;.2 9 
and not <0. If tw<L, then equation (B-6a) will not 
have a maximum. 

It appears impracticable to devise a convenient test for 
(2) to use on the general case of W(x). However, a few 
special cases of will be discussed: 

Case I: Suppose that in addition to the conditions 
stated at the beginning of this section, W(x) is such 
that at discontinuities W(z—0)>W/(z+0) and_ that 
(d/dx)W(x) is never positive. In this case equation 
(B-9) may have a maximum, but it can never have more 
than one maximum. For since both equation (B-9) and 


{ 
| 
| 
a 
( | 
| 
Ya 
f 
4 | 
4 
- 
‘ 1 
¢ 
fi 
x 


on 


@ 


Apri 1936 


its first derivative are continuous, then in order for it to 
have two maxima it must have one minimum. Now in 
this case d*y/dt® satisfies the conditions for a maximum 
point everywhere, but at no point are the conditions for 
a minimum point satisfied. 

Case II: Suppose that in addition to satisfying the 
conditions first stated, W(z) also satisfies the following 
conditions: to the left of a certain point, say z=a,, W(zx) 
is such that at discontinuities and 
(d/dx)W (x) is never negative; while to the right of this 
point W(x) is such that at discontinuities W(z—0)>W 
(c+0), and (d/dz)W(zx) is never positive. Then in this 
case equation (B-9) may have a maximum, but it can 
never have more than one maximum. For it cannot 
have a maximum such that ct, lies to the left of z—a,; and 
to the 03 of a,, the reasoning in the first case holds. 

Case III: Suppose that in addition to the conditions 
first stated W(x) contains a point, say x=), to the left of 
which W(x) satisfies the conditions of case II (the point 
a, may of course be the point xz=0), and to the ri hit of 
which W(z) also satisfies the conditions of case tt (the 
greatest value of W(x) to the right of b being at the point 
z=d,), and such that the point (6-—0) furnishes a mini- 
mum on the range a,<2<.b while the point (6+0) fur- 
nishes a minimum on the range b<zx<a,. In this case 
equation (B-9) —_ have two maxima. For suppose 
equation (B-7a) yields three roots for t,.; then call these 
three roots tx, ta, and ts. Now, if a,<tyv<a, and 
W(tav)< W(t.v0—t,v), we have a maximum. If 
and W(t.2)>W(t.v—twv), we haye a minimum. Lastly, 
if and W(t.) we again have a 
maximum. In this case, if tw >a, then equation (B-9) 
can furnish but one maximum point. . 

When the drainage area is of such shape that a stead 
rain may cause two or more crests it will always be 
necessary to apply both test (1) and test (2). For if 
(dy/dt)+r).>>0, we have to determine whether equation 
(B-7a) has no root or an even number of roots; while 
if test (1) shows the inequality sign reversed, we know 
equation (B—7a) has an odd number of roots but we have 
to determine how many roots it has. 

The question naturally arises whether a watershed can 
be of such shape that a crest may occur before the rain 
stops. In other words, can equation (B-3) furnish a 
maximum? Now the first derivative of equation (B-3) 
can be written 


(r/e)e"/ 


Clearly this expression never vanishes, and therefore no 
drainage area can be of such shape that a crest will occur 
before the rain stops. It should be emphasized here that 
we are assuming the rate of rainfall to be constant. 

Equation (B-8) has a physical interpretation. It shows 
that the maximum discharge from the entire drainage area 
is equal to the discharge from that portion of the drainage 
area lying between two equal water travel lines, corre- 
z=L and z=v(t,—t)), respectively, in a steady 
state. To explain this, put {*=t,—t. Now as to, 
clearly t, does also, because ¢, is greater than tf. How- 
ever, as fo, then ¢*-0; for if equation (B-7) be 
written in the form 


0 


then as t—> the right-hand side ->0, and as this a. 
tion is true for all values of ,>0 it therefore follows that 
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the left-hand side —>0 also; but in order for the left-hand 
side t,—>0, must —>0, as stated above. Moreover, 
can have the value 0 for no other value of ft). 

Since f*-—0 as f,>-, it follows from equation (B-8) 


that f, W(a)dz as In other words, Ye 


approaches the same limit that y does in equation (B-4) 
as to in that equation. Thus the maximum discha 
obtained from equation (B-8) cannot exceed the dis- 
charge at a steady state. Also we can see that as t>-, 
the equal water travel line given by z=t*v approaches 
the gaging station as a limit. 


L 
The question arises as to how rapidly yer f W(a)dz, 


Clearly from the above discussion, y, approaches this limit 

as quickly as y in equation (B-4) approaches this same 

limit. The limit may be considered, practically, to have 

been reached when the second term inside the brackets of 
uation (B-4) is negligible compared to the first term. 
ow, 


f “Wa)eade 
0 0 


whence y has approached the limit in question when 


1 
e e“t+4") is negligible compared to unity. Hence, if the 
rain lasts such a time that its duration, diminished by Liv 
is 2.30...-.. times c, then the discharge has approached 
a value which is more than 0.9 of the steady state; if the 
duration less L/v is 4.60___.-- times c, the discharge has 
approached a value which is more than 0.99 of the steady 
state; if the duration less L/v is 6.90___--- times c, the 
discharge has approached a value which is more than 0.999 
of the steady state;andsoon. The constant, 2.30. 
is the natural jogarithm of 10, i. e., the reciprocal of the 
modulus of common logarithms. 

Having discussed the behavior of the maximum dis- 
charge for infinitely long rains, we now take up the maxi- 
mum discharge for infinitely short rains, i. e., cloud- 
bursts. If t,=0, we write the fundamental equation 


thus: l= AR— {'Zat ; from this we develop the equa- 


tion za=A8 (Compare with the development of 


equation (2) in the first paper.) Then the discharge will 
be given by 


y=(R/e) (Ric)e f, ” 


The first derivative of this equation is —y/e+ (Rov/c)W (te), 
and the second derivative is — (1/c)(dy/dt) +-(Rv*/e) W’ (ty); 
hence if the equation is to furnish a proper maximum it Is 
necessary that W’(t.0) be negative. early W’(z) may 
be positive for all values of z; in such a case the point of 
maximum discharge is a cusp on the discharge curve. 
This cusp will be at the point t=L/v, and in this case the 
discharge curve does not have a proper maximum. If 
W’ (x) be negative when dy/dt vanishes, then the time of the 
crest will be given by the solution of the following equa- 
tion for ¢,: 


Wa)eadz. 


The maximum discharge for infinitely short rains can 
be found by substituting R/t, for r in equation (B-8a) 
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and then finding the value of the right-hand side as t,— 0 
by the rule for evaluating indeterminate forms. Thus 


Limit, _Limit,[ dt. dt, 
=RoW (tw). 


In words, the maximum discharge due to an infinitely 
short rain is equal to the product of the depth of the rain 
times the velocity of the water in the stream times the 
width of the drainage area corresponding to the point 
z=tw. Clearly, the width of the drainage area which 
enters in this product will vary with the capacity of the 
soil, but we can readily conclude that the maximum dis- 
charge from cloudbursts cannot exceed the product of the 
rainfall times the velocity of the stream times the maxi- 
mum width of the drainage area. If the drainage area 
be of such character that equation (B-8a) cannot furnish 
the maximum discharge, then for infinitely short rains 


y= (R/e)e f 


This section will be concluded with a few remarks about 
the continuity of the rate of discharge and the discharge 
tendency curves. If equations (B-3), (B-4), (B-5), (B-6) 
and (B-9) be differentiated with respect to t, then the 
rate of discharge curve is obtained. If we substitute the 
various limits of the ranges of these equations in their 
first derivatives, it will be noted that the rate of discharge 
curve is continuous at these points. By differentiating 
the rate of discharge curve with respect to time, we 
obtain the discharge tendency curve. It can be shown 
that the discharge tendency curve, when t>L/v, is 
continuous at the point t=L/v if W(ZL) is zero; otherwise, 
it is continuous there. At the point t=¢, it would be 
continuous were W(0)=0, but this has been excluded 
from the physical conditions of the problem, hence the 
discharge tendency curve is discontinuous at t—t). At 
the point f=t,+L/v it is continuous only if W(Z) is zero. 
It can also be shown that the above statements hold 
when t).<L/v. In addition to the above discontinuities, 
the discharge tendency curve will have other discon- 
tinuities if the drainage area curve be discontinuous. 


- Thus that portion of the discharge tendency curve corres- 


ponding to equation (B-3) will have the same number of 
discontinuities as the drainage area curve. However, 
discontinuities in the drainage area curve will not cause 
any discontinuities in the rate of discharge curve; hence 
the rate of discharge curve is everywhere continuous. 


SECTION 5: DRAINAGE AREA CURVES 


We now turn to some practical considerations con- 


nected with the application of the theory in the last 


section. Suppose we have topographic maps of a drainage 
area and have carefully constructed a histogram from 
them and that it is then desired to fit a curve to this 
The question arises: What form of curve 
should be used? Or in other words, what function 
should be used for W(x)? 

From the necessity of having equations (B-7) and 
(B-8) in tractable forms it is essential that both W(z) 


and W(zx)e* be integrable in terms of functions for 
which tables now exist, preferably elementary functions. 
The elliptically i Hy histogram discussed in section 
3 is an illustration of a case in which W(z) is integrable; 
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but W(z)e*/" is not integrable in terms of tabulated 
functions. 

A number of functions suggest themselves for W(z). 
We can use a trigonometric series (Harmonic Analysis), 
a polynomial, an exponential series, or a Gram-Charlier 
series. All of these satisfy the condition of tractable 
integrability, but each of them has the same defect 
which the case of the triangle brought out. In the case 
of the triangle (as well as these four series) equation 
(B-7) is transcendental. Of course one can solve a trans- 
cendental equation by numerical methods, and no doubt 
in some applications this will be the best way. 

We can make equation (B-7) a polynomial by fitting 
a curve of the form 


to the histogram of the drainage area. Asc is not a func- 

tion of time during any one flood, but does vary from flood 

to flood, it is necessary to fit a different curve to the 

histogram for each flood. At first this procedure appears ~ 

to be very tedious; but consider the following suggestions: 
Suppose we fit the curve 


to the histogram, where cov is the arithmetic mean value of 
all the cv that are ever to be expected in the river basin in 
question. This will be done once, and will apply to all 
future floods. In this way the constants cov) are assumed, 
so to speak, and then the a; are determined from the 
histogram. Now when a particular flood occurs, we want 
to fit the curve 


(ao! +... 


to the histogram, where cv is now known from the con- 
ditions existing at the beginning of the rain. Since 
these two curves are to fit the same histogram we require 
that they be equal; equate, and multiply both sides of the 
equation thus obtained by e?/*: 


+a,’x" 


Now when 2/ey%—z/cv is small, the power series which 
represents the function e~@/%~*/) is rapidly convergent; 
we assume this condition is fulfilled. Expand the ex- 
ponential in the last equation in a power series, multiply 
together the two series on the left, and equate coefficients 
of like powers of z. On doing this we get the following 
system of equations: 


(1/eo%—1/ev) dp, 
Ap’ =A2— (1/e%— 1/ev)a,+ (1/eov— 


As’ =a3— (1/¢o%— 1/ev)a2+ (1/eo%— 
ay! =a4— 1 
— 1 + (1 1 /ev)* 


+ etc. 
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If | z/eo%—z/co | is not sufficiently small to insure rapid 
convergence when the exponential is expanded in a power 
series, then, instead of fitting just one curve to the hhisto- 
gram, we can fit two or more curves to it. Thus, if two 
curves are fitted to the histogram, we divide the expected 
values of cv into two groups, one consisting of large values, 
the other small, and take the arithmetic mean value of 
each group. One mean is used in fitting one curve, and 
the other for the second curve. Then in a particular 
flood we use the curve for which 1/cov is the nearer to 1/cv 
in order to compute the a,’. 

After having obtained the a,’ from the a, by means of 
equations (I), we next solve equation (B-7) for v(¢.—t,); 
this is now very quickly accomplished, because we can 
integrate the functions easily, and after the integration 
has ne performed we can then readily solve the poly- 
nomial obtained. In following this method, equation 
(B-8) takes the form: 


= cv 


This expression is readily integrated in terms of elemen- 
tary functions by the following substitution: Put z/eo=—8, 
dz=cvdé; when z=L, 06=L/ev; and when z=v(t,—t%), 
6=(1/c)(t-—t)); and we have 


i+l 


If the histogram of the drainage area should have a 
discontinuity, it will be necessary to fit two different 
curves, each of the form 


to the histogram, one to the left of the discontinuity and 
one to the right of it. 
SECTION 6: ADDITIONAL DISCHARGE EQUATIONS 


Thus far all of the discharge 
rived on the assumptions that whi 
(1), viz: 


uations have been de- 
it is raining equation 


Z=Ar(1—e-"*), 


gives the volume of rate of run-off; and after the rain 
stops equation (2), viz.: 


Z=Ze 


gives the volume of rate of run-off. Clearly, when evapo- 
ration is considered, or the rate of rainfall is not constant, 
these equations are no longer true. Furthermore, these 
equations have been derived on the fundamental assump- 
tion that the rate of run-off at any given time is propor- 
tional to the rainfall remaining with the soil at that time. 
While it is believed that this assumption is a very close 
approximation to what occurs in Nature, it is evident 
that different underlying assumptions will lead to different 
forms of equations (1) and (2), even where evaporation is 
neglected and the rate of rainfall considered constant. 
A few remarks will now be made about the discharge 
equations which result when the run-off equations are 
made more general. 

Suppose while the rain is falling the volume of rate of 
run-off is given by the function Z=AZ,(t), and after the 
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rain stops the volume of rate of run-off is given by Z= 
AZ,(t). For the present no restrictions will be placed on 
the functions Z,(¢) and Z,(¢) except that they be single- 
valued, or at points of discontinuity two-valued. Func- 
tions which are not single-valued would have no physical 


meaning. 

In the next three papers special forms, nevertheless 
forms of greater generality than equations (1) and (2), of 
the functions Z, & and Z,(¢) will be discussed. A portion 
of each of the next three papers will be taken to show that 
in most cases the practical problem of predicting flood 
crests does not warrant the use of run-off equations which 
are more general than equations (1) and (2). In this 
section, however, we consider the discharge from a water- 
shed when the general run-off equations are used. 

If while it is raining Z,(¢) gives the rate of run-off, and 
if v be the velocity of the flowing water, a constant, then 
from a watershed whose drainage area curve 
is W(z) is given by the equation 


y= 


which holds on the range O=tSL/0 and where 4,=L/v. 
This equation is a generalization of equation (B-3). 

Similarly, after the rain stops, if Z,(t) gives the rate of 
run-off, and v the velocity of the water, the discharge from 
the watershed is given by the equation 


L 
y= W (z)22(t—2/v)dz, 


which holds on the t+L/ystse. This is a gen- 
eralization of equation (B-5). 

Analogous equations can be written for the remaining 
o> of ¢. e point to be emphasized is that the 
method of Section 4 is perfectly general, and involves the 
underlying relation between Seckarete and the rate of 
run-off. e rate of run-off is measured in inches per 
hour, and the discharge is measured in mile-inches per 
hour. The last two equations are merely ec forms 
of the following statement in words: The discharge from 
a drainage area at time ¢ is the sum of the volumes of rate 
of run-off from all the infinitesimal strips above the gaging 
station, not at time ¢ but at time ¢ diminished by the 
interval required for the water to flow from where the 
rain falls to the gaging station; furthermore, the volume 
of rate of run-off — an infinitesimal strip is the product 
of the rate of run-off, be it any single-valued function 
of time whatever, times the length of the strip (width of 
drainage area), W(x), times the width of the strip (the 
differential dz). 

In the sixth paper of this series a variable velocity of 
the water will be considered. It will there be shown that 
for special variations of velocity all the conclusions of this 
paper, insofar as they relate to the prediction of flood 
crests, remain unchanged. The theoretical treatment of 
= -shaped drainage areas is now considered com- 
plete. 
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COOLING IN THE LOWER ATMOSPHERE AND THE STRUCTURE OF POLAR 
CONTINENTAL AIR 


By H. Wexter 
{Weather Bureau, Washington, D. C., April 1936] 


It has been known for some time that during a clear, 
calm night the temperature of a snow surface falls much 
below the temperature of the air within even a few 
centimeters of the surface. The snow surface radiates 
energy practically as a black body; and receives, by 
conduction from the snow and air, and also by radiation 
from the atmosphere, less energy than it loses through 
its own radiation; and consequently its temperature 
decreases. However, if the wind movement increases, 
considerable heat is transported to the surface from the 


| 
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-60 -30 -20 
Jemperature (°C) 
Fiaure 1.—Soundings at (a) As, 15.11 h; (6) Fairbanks, 


Alaska, ber 28, 1932, 9.34 h; (c) E , February 8, 1933, 13.28 h, 
local time. 


warmer air above, by turbulence, and the surface tem- 
perature rises. When the wind ceases, the surface tem- 
perature again falls. The question arises as to how much 
the surface temperature can fall without also a simultaneous 
decrease of the temperature of large portions of the air 
above it. It will be shown, from considerations of radia- 
tive balance between the air and the snow surface, that 
it is impossible for the surface temperature to fall below 
a certain value without a simultaneous decrease of the 
maximum free-air temperature. In other words, it will 
be shown how, apart from conduction and mechanical 
turbulence, cooling from below extends upward through 
the lower troposphere. 


THE CHANGE FROM POLAR MARITIME TO POLAR 
CONTINENTAL AIR MASS CHARACTERISTICS 


No better introduction to the problem can be given 
than by presenting actual soundings showing different 
types of polar air. 

Curve (a) in figure 1 shows a portion of a balloon 
sounding taken through fresh polar maritime air at As, 
Norway (59°40’ N., 10°46’ E.) February 2, 1933. The 
synoptic situation for this period is discussed by Palmén 
(1), and it is seen from his maps that the air moved 
rapidly from the north over the Atlantic Ocean and 


area at As with westerly winds. According to 
Palmén, the air above the surface layer was in almost 
neutral equilibrium for moist air, and caused numerous 
showers, hailstorms, and thunderstorms along the Nor- 
wegian Coast. 

urve 0” is a sounding made at Fairbanks, Alaska 
(64°51’ N., 147°52’ W.), December 28, 1932, under 
clear skies and in a calm. An inversion of over 20° 
occurs between the surface and 1,300 meters, above 
which is an isothermal layer extending to about 2,200 
meters, and a steeper lapse rate above. The wind above 
the inversion was westerly backing to southwesterly, 
15 miles per second, at 3,400 meters, showing that the 
air above the inversion came from the Pacific Ocean. 
The temperature of this air differs from that of the As 
air by only a few degrees and is practically the same at 
5 kilometers. The lower air was shielded from a maritime 
influence the extensive mountain that sur- 
round the Yukon Valley, and had probably remained 
over the snow cover for some time. 

Curve (c) represents a portion of a balloon sounding 
made at Ellendale, N. Dak. (45°59’N., 98°34’ W.) on 
February 8, 1933, at about noon in a northwest wind of 
about 10 meters per second. It shows a superadiabatic 


- surface layer, a smaller adiabatic layer, then an inversion, 


and isothermalcy to about 3,300 meters, above which the 
lapse rate steepens. The synoptic situation for this 
period is discussed by Willett (2), and it shows that the 
sounding was taken in a well developed current of polar 
continental air from the Hudson Bay area. The steep 
lapse rate in the lower air is a result of mechanical turbu- 
lence and heating from below. Before the air started its 
rapid movement southward it probably possessed a 
thermal structure in its lower portion similar to that 
indicated by the dotted line, as will be shown presently. 
The problem that confronts us is to explain how sound- 
ing (a) is transformed into sounding (c). That such a 
transformation takes place over the polar regions duri 
winter can hardly be doubted, for the constant drain o 
polar continental air from its source region southward 
must be compensated by an inflow of warmer air. The 
problem is in no way restricted if we assume as an initial 
air mass a body of polar maritime air, such as represented 
by the As sounding. In order to transform the As 
sounding into the Ellendale sounding, it is evident that 
we must seek an explanation that involves radiative 
transfer; and since the maximum temperature difference 
occurs at lower levels (38° C. at 1,500 meters) and the 
two soundings approach each other aloft (5° C. difference 
at 6,000 meters), it appears that heat is lost to space 
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mostly by way of the snow surface; we shall therefore 
examine how this can take place. 

According to Falckenberg (3) the amount of radiation 
emitted by a snow surface (frozen or melting) differs by 
less than one-half percent from that coming from a 
black body, and so follows closely the law of Stefan- 


Boltzmann, 
I=cT', 


where J is the radiation intensity in gm. cal./cm*/min., 
o=82X10-", T=temperature in degrees absolute. 

The radiative properties of the atmosphere are much 
more complex, since the air is composed of several gases, 
only a few of which are good absorbers of long wave 
radiation. In the wave-length region for which terrestrial 
radiation is most intense, carbon dioxide has an important 
absorption band; but the best absorber is water vapor, 
and its varying content in the atmosphere combined with 
the complicated fashion in which its absorption coefficient 
depends on wave-length, adds to the difficulty of treating 
the problem analytically. Indeed, judging from the 
disagreement among various investigators, the exact 
nature of the water vapor absorption spectrum is still 
unknown. Some of the chief investigators have been 
Rubens and Aschkinass (4), Fowle (5), Hettner (6), and, 
more recently, Weber and Randall (7). Each of these 
authorities agrees to the existence of a strong, narrow, 
absorption band at about 7u, a region of low absorption 
centered at about 10y, and increasing absorption beyond 
12u. However, their quantitative results are not in 
agreement; Hettner’s absorption values are the largest, 
while those of Weber and Randall are the least; in between 
these two extremes are the determinations of Rubens 
and Aschkinass and of Fowle. 

Hettner’s data have usually been used by most meteo- 
rologists, especially by Simpson (8), who applied them 
with considerable success to certain problems concerning 
the mean heat balance of the atmosphere. Recently, 
however, Ramanathan and Ramdas (9), in trying to 
derive theoreticall trém’s formula for atmospheric 
radiation, found that Hettner’s absorption data led to a 
value of a constant in the formula which was much larger 
than the observed one, while the data of Weber and Ran- 
dall gave a value in much better agreement. 

In figures 2a and 2b are shown the laboratory results 
of Hettner and of Weber and Randall. Against wave- 
length is plotted a, the decimal coefficient of absorption, 
which, assuming Beer’s law to be true for water vapor, is 
defined in the following manner: 


10-**= J, /In, 


where J, is the intensity of the incident radiation of 
wave-length, A, and 
J, is the intensity after the radiation has passed 
through m gms. of the absorbing material. 

The two curves in figure 2a, and Hettner’s curve in 
figure 2b have been reproduced from the paper of Ra- 
manathan and Ramdas; but the Weber-Randall curve in 
figure 2b has been prepared by the writer, from the data 
published by Weber and Randall, together with certain 
additional information kindly supplied by Professor 
Randall. Ramanathan and Ramdas evidently assumed 
the temperature of the absorption tube that contained the 
saturated water-vapor to be about 30° C., whereas it 
was actually about 22.5° C. This means that the actual 
absorption coefficients are higher than those calculated 
by Ramanthan and Ramdas. This correction has been 


MONTHLY WEATHER REVIEW 


123 


applied to figure 2b but not to figure 2a, since it is neg- 
ligyble for low values of absorption. Also, due to an 
error in printing, 10 absorption lines, 21.394 to 22.55,, 
inclusive, were included in the steam absorption data 
instead of the water vapor data; this accounts for the 
——— low absorption shown in this region in the paper 
of Ramanathan and Ramdas. 

The curves in figures 2a and 2b show that Weber and 
Randall found smaller absorption than did Hettner. 
The former authorities used a 60° potassium bromide 
prism twice, resulting in high dispersion and resolution, 
while Hettner used a 20° potassium chloride prism and 
larger slit widths. Professor Randall has assured the 
writer that “it is quite impossible to compare results 
when such a difference exists.” In this study, both sets 
of absorption data are used, and their respective meteor- 
ological consequences examined and compared. 

impson’s use of the sere data of Hettner (for water 
a and Rubens and Aschkinass (for carbon dioride).— 

e shall assume with Simpson (8) that a layer of air in 
which each column of unit cross section contains 0.15 
millimeters aoe water and 0.03 gram of CO,!' 
completely absorbs all radiation of wave-lengths between 
5.54 and 7y, and greater than 14y; partially absorbs 
radiation of wave-lengths between 4u and 5.5yu, 7u and 
8.5u, 1l1u and 14y; and is practically transparent to wave- 
lengths between 8.54 and lly. These wave-lengths 
together cover the range over which terrestrial and at- 
mospheric radiation have appreciable intensity. To avoid 
repetition, let us call the radiation with wave-lengths in 
the first group, W-radiation (after Brunt); in the second, 
S-radiation; and in the last, 7-radiation. At a tempera- 
ture of 273°, the percentages of radiation from a black 
body included in these three groups are 59%, 26%, 15%, 
respectively. 

he length of a column of air of 1 square centimeter 
cross section which contains 0.15 millimeter precipitable 
water is given approximately by 


L=0.70-~ meters, 


where T is the mean temperature of the column in °A, 
and e is the mean vapor pressure in mb; when 7'=273° 
and e=6 mb., then L=40 meters, and when 7'=253° and 
e=1 mb., then L=175 meters. 

If we divide the atmosphere into layers each of whose 
unit columns contains 0.15 millimeter precipitable water, 
then the amount of CO, in each unit column of the layer 
ordinarily will not be of the order of 0.03 gram. Accord- 
ing to Fowle (10), the average sea-level content of CO, is 
0.6 gram per cubic meter. Assuming this value is the 
same above the surface (probably it is too high), then a 
column of air of cross-section 1 square centimeter, and 40 
meters long, will contain only 0.0024 gram of CO,; and a 
column 200 meters thick, 0.012 gram. Now as found by 
Rubens and Aschkinass (4), CO, absorbs very strongly in 
a narrow band from 13 to 16u, with its maximum absorp- 
tion occurring at 14.74 and equal to 88 percent for 0.06 

am. Assuming 0.06 gram of CO, in the stratosphere, 

impson felt justified in decreasing the lower limit of 
Hettner’s complete absorption region, for radiation pass- 
ing through the stratosphere, from about 20u to 14u. If 
account is taken of the actual CO, content in the layers 

1 Because of the diffuse nature of terrestrial and atmospheric radiation, the mean path 
of the radiation will include yap oenengees/ twice the amount of absorbing gas; hence, 
diffuse radiation passing through a layer, each of whose unit columns contains 0.15 milli- 


0.03 gram COs, will be absorbed in approximately the same proportion 


meter water and 
unit columns con 


. 

tains 0.30 

millimeter of H:O and 0.06 gram COs. 7 


Ly 
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considered above, then the absorption will not be so com- 
plete as that assumed by Simpson. However, since in 
this paper the extreme values of absorption will each be 
used, it will be assumed that in this case the W-radiation 
is contained in the wave-length regions adopted by 
Simpson. 

ow let us suppose that a body of air in convective 
equilibrium with an open ocean surface of temperature 
1° C., and containing no clouds, comes to rest over an 
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various layers, the more intense radiation coming from 
lower layers and the less intense from the higher layers. 
It is impossible to determine exactly the amount of 
S-radiation that will reach the surface, but it is clear that 
the radiation in each band must be bounded by a curve 
extending from full absorption at the temperature of the 
lowest layer, to complete transparency, the shape of which 
will depend on the amount and distribution of water 
vapor. As Simpson pointed out, almost any reasonable 
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Fiaure 2 (a and b).—Water vapor absorption spectra as found by Hettner (H), and b 
4 hand scale to 
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unlimited horizontal snow surface during the polar night. 
Initially, the temperature of the snow surface will be 0° C. 
and, after stagnation of the air ensues, will fall very rapidly 
to a value determined by the amount of radiation that is 
received from the atmosphere (assuming that conduction 
from the atmosphere mee underlying snow is very small). 
If we divide the atmosphere into layers, each of whose 
unit columns contains 0.15 millimeter precipitable water, 
then practically all of the W-radiation reaching the surface 
will originate in the lowest layer. No T-radiation will 
reach the surface, since it is not emitted in any appreciable 
quantity by the water-vapor. A certain amount of S- 
radiation will reach the surface, and this will come from 


Weber and Randall (W & R). (a) The left-hand scale refers to Weber and Randall’s 
Ramanathan). 


ettner’s curve (after han 


curve in these bands, joining full absorption to complete 
transparency, divides the area approximately in half; 
hence, we assume the amount of S-radiation that reaches 
the surface to be equal to one-half of the total S-radiation 
of a black-body at the temperature of the lowest layer. 
In figure 3a, a curve has been drawn that shows the 
distribution of energy emitted by a black-body at 4 
temperature of 274° A. The amount of radiation that 
the snow surface receives will be approximately — 
to the shaded portion of the area under this curve. Ini- 
tially, the snow surface, when at a temperature of 273° 
A., will emit radiation which will be almost equal to the 
total area under this curve; and its temperature 
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decrease, since it is losing more radiation than it is receiv- 
ing, the net loss being nearly equal to the unshaded 

rtion of the area. However, at a certain temperature 
(in this case, 253° A., as will be shown later) the snow 
surface will be emitting as much radiation as it is receiving 
from the atmosphere, the temperature of the latter being 
assumed unchanged. This equilibrium is shown in figure 
3a by the equality of the shaded area under the 274° A. 
curve and the total area under the 253° A. curve. In 
this case, the surface temperature will remain constant 
at 253° A. provided that the temperature of the air 
remains unchanged. 

Application of Weber and Randall’s absorption data to an 
atmosphere containing normal amounts of CO,.—Water 
vapor absorption as determined by Weber and Randall 
is so much less than that found by Hettner in the region 
10u-25yu, that in order to estimate the amount of atmos- 
pheric radiation in the manner outlined above, it is 
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containing 1 millimeter precipitable water vapor is more 
than 90 percent; for the region 134-17, the mean value 
of a is about 0.8, corresponding to about 70 percent 
transmission, while for wave lengths greater than 17,, 
the mean transmission is less than 10 percent. 

If, now, assuming Fowle’s value of 0.6 gm/m® as the 
normal CO, content to hold true at all elevations,’ we also 
take account of CO, absorption in the band 13y—16z, 
then the mean transmission in this band through both 
the CO, and water vapor in a layer 200 millimeters thick 
is 48 percent; and through a layer 1,000 meters thick, 31 

recent. Hence, we shall now define again the W, S, and 

bands of radiation to conform with Weber and Ran- 
dall’s = data, and Fowle’s value of the normal 
sea-level CO, content. The W-radiation will be that 
contained in the region 5.5—7.0u, and in the region where 
wave-lengths are larger than 17y; the S-radiation in the 
regions 4.0—5.5u, 7.0—8.5u, and 134-174; and the 7’ 
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temperature, 274°, and a snow surface; (a) Hettner’s water vapor absorption data applied to an 


transfer between a moist atmosphere of surface 
atmosphere of abnormal CO: content; (6) Weber and Randall’s water vapor absorption data applied to an atmosphere of normal CO, content. 


necessary to increase the thickness of the layers until 
each contains 1 millimeter precipitable water and therefore 
absorbs diffuse radiation as if it contained 2 millimeters. 
From figures 2a and 2b, we can easily determine the wave- 
lengths of the radiation which is absorbed by such a layer; 
radiation mac. wave-lengths for which a> 5 will be 
almost completely absorbed, while wave-lengths for which 
a<5 will be only partially absorbed. The inaccuracy 
involved in regarding these thick layers as elementary 
ngs will not be serious except at low temperatures. 
The length of a unit column containing 1 millimeter 
precipitable water is 


L=4.62 meters; 


when 7=273°, and e=6mb., then L=210 meters; and 
when 7=253°, and e=1 mb., then L=1,170 meters. 

In figures 2a and 2b, we see from Weber and Randall’s 
absorption curve that a is very small from 10u to 12,, 
increases slightly near 13u, increases markedly near 17, 
and remains quite large beyond 17y. For the region 10u 
to 134, the mean value of a is about 0.21, and the trans- 
mission of diffuse radiation in this band through a layer 


radiation in the region 8.5—13y. At a temperature of 
273°, the percentages of radiation from a black body 
included in these three groups are 46 percent, 27 percent, 
27 percent respectively. In this case, as shown in Figure 
3b, the atmospheric radiation becomes much less than 
that shown in figure 3a; and so the surface temperature 
can fall to a lower value, 240°, as will be seen presently. 
In order to determine, from the two sets of absorption 
data, the equilibrium surface temperatures for various air 
temperatures, three curves have been drawn in figure 4, 
one showing the variation of black-body radiation with 
temperature, the second showing the variation of atmos- 
pheric radiation with temperature, based on Simpson’s 
aan of Hettner’s data in an atmosphere consider- 
ably overcharged with CO,, and the third showing the 
same as the second but making use of Weber and Randall’s 
data in an atmosphere containing more nearly a normal 
amount of CO,. For comparison, in figure 4, are plotted 
the mean values of atmospheric radiation against surface 
temperature as observed on the ‘“Maud” north of the 
Siberian coast by Sverdrup and discussed by Mosby (11). 
These are indicated by crosses, and were found by Mosby 
? This value is probably too large for the free air, and also for surface winter polar condi- 


i where on account of lack of animal and industrial activity the CO; content is prob- 
y very 
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by subtracting the mean nocturnal radiation from the 
black body radiation corresponding to the surface tem- 
perature. The individual observations, when plotted 
against surface temperature, exhibit considerable scat- 
ter, probably indicating that the radiation was not so 
much a function of surface temperature as of the air 
temperature above the inversion; unfortunately, due to 
lack of sufficient soundings at the time of the radiation 
measurements, it was not possible to show this. In order 
to compare the observations with curves (6) and (c) which 
represent atmospheric radiation plotted against tempera- 
ture of the air above the inversion, the crosses must be 
moved a certain number of degrees to the right, cor- 
responding to the mean value of the surface inversion. 
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presence of larger inversions over the polar regions than 
over the temperate regions. 

When curves (b) and (c) are plotted on logarithmic 
paper, they are approximately straight lines; and their 
equations are found to be 


(6) Ra=980X10-"X T?4 gm cal/cm*/min; 
(c) R4=800X10-"X T®* gm cal/em?/min. 


The value 3.5 for the exponent was also found by 
Pekeris (13), from the data of Abbot and Fowle (14), (5). 
Pekeris plotted logarithm of temperature against loga- 
rithm of radiation from layers of air containing normal 
amounts of CO, and the following amounts of precipitable 
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Ficure 4.—(@) Radiation from snow surface; (6) radiation from a moist atmosphere of high CO; content; (c) radiation from a moist atmosphere of normal CO; content. 


If the mean surface inversion were about 10° C. then the 
points would coincide almost exactly with curve (c). 
Also in figure 4, are plotted values of atmospheric radia- 
tion from Angstrém’s formula, with the constants given 


by Raman (12), 0.77 —0.28X 10-0, where S=at- 


mospheric radiation, 7=temp. of the instrument, o= 
Stefan-Boltzmann constant, e=vapor pressure in mb. 
From the above formula, the values of atmospheric 
radiation have been computed under the assumption that 
the air is saturated. At low temperatures, the points fall 
below the curves (6) and (c) and also those of the ““Maud”’, 
but approach them with increasing temperature. The 
discrepancy at low temperatures should not be taken 
seriously, since the formula has not yet been verified by 
observations at those low temperatures. Indeed the 
“Maud” observations in figure 4, and those taken by 
Angstrém at Abisko (68°21’ N, 18°47’ E.), indicate higher 
values of atmospheric radiation than found from the for- 
mula. This is explained by Mosby as being due to the 


H,0 : 0.0001 gram, 0.003 gram, 0.046 gram, and 0.455 
gram. The result was a series of approximately straight 
and parallel lines, which showed that the radiation could 
be represented by the equation I=const.xT*, where 
n=3.5. 

The curves found from equations (6) and (c) are not 
shown in figure 4, since they cannot be distinguished 
from the actual curves. 

If now we wish to find the mean temperature of a 
stratum of air, each of whose unit columns contains 
0.15 millimeter precipitable H,O and 0.03 gram CO:, 
that is necessary to maintain a constant surface tempera- 
ture of 253°, we move the 253° ordinate of curve (a) 
over to curve (b); the temperature at which this ordi- 
nate fits the latter curve is the desired air temperature. 
Likewise, the mean temperature of a stratum of air each of 
whose columns contains 1 millimeter precipitable water and 
normal CO, content, will be found to be 291°. In table 1 
are presented air temperatures necessary for the main- 
tenance of various oqullibelens surface temperatures. 
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TaBLE 1.—Mean temperatures of a layer of moist air necessary to 
maintain given surface temperatures 


From curve (6) From curve (c) 
1 2 3 4 5 
ts ort. tair ta—ts tair ta—ts 
orc, +28°(24) 23 +41°(42) 41 
—10 +14 (12) 24 +29 (29 39 
—20 +1 (1) 21 +18 (1 38 
—30 —ll (-—11 19 +4 (4) 34 
—40 17 —9 (-—9) 31 
—50 —35 (—35) 15 —21 (—21) 20 
—46 (—47 4 26 
—70 —59 (—58 ll —47 (-—47 23 


From the table, we see that as the surface tempera- 
ture decreases, the magnitude of the inversion decreases. 
This is owing to the well-known shift of maximum 
intensity of radiation to larger wave-lengths as the tem- 
perature of the radiator decreases; as this happens, the 
ratio of energy in the transparent band of the water- 
vapor spectrum to the total amount of energy decreases, 
and the atmosphere radiates more nearly as a black 
body. This is shown in figure 4 by the convergence, 
with decreasing temperature, of the curves showing 
black body and atmospheric radiation. At very low 
ae ch aly instead of inversions there would exist only 
isothermalcy. 

In table 1, the tem 
columns are found to 
to the equation 


t,=1.18ts+24 in °C., —70°<t,<—20°, 


T,=1.18T;—25 in 203°=< Ts 253°. 


Likewise the temperatures in the first and the fourth 
columns conform very closely to the linear relation 


t4=1.27ts+42 in °C., —70°X<t,<0°, 


T,=1.27Ts—32 in °A., 203°< T,<273°. 


The air temperatures computed from these formulae are 
included in table 1, enclosed by parentheses, and it is 
seen that the agreement with the true values is very 
close over most of the temperature range considered. 

The magnitudes of the inversions shown in table 1 
can be checked by comparing them with some large 
inversions that have been observed. The comparisons 
are shown in table 2. 


TABLE 2.—Magnitudes of observed inversions compared to those of 
computed inversions 


tures in the first and the second 
almost linearly related, according 


or 


1 2 3 4 5 6 7 8 
Tem- Tem- Tem- Tem 
rature| perature] perature 
Tem- |Height} oftop | of top of in- of in 
Date and pera- | of{top; ofin- of in version | version 
Station ture in | of in- | version | version | topas | top as 
thesur-} ver- asre- | asob- | givenin | givenin 
face sion | corded | served | column | column 
shelter on me- | by ther-| 2, ta- 4, ta- 
teoro- | mome- | blel ble 1 
graph ter 
Fairbanks, Alas- 
0.34 b..... —40.5 | 1,160 —18.5 -17.0} —23.5 —9.0 
20.26 —41.0 840 | —16.5| —18.0 24.5 —10.0 
Jan. 25, 1933: 
9.48 h.___. —37.8 | 1,830 | —19.8 —20.5 —6.0 
Fargo, N. Dak...| Jan. 14, 1935: 
4.29 h..... —32.0 | 1,780 | —12.7 |-..-...-. —13.5 +1.5 
Billings, Mont...| Jan. 14, 1935: 
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The temperatures in columns 7 and 8 of table 2 were 
found from table 1, using the temperatures in column 3 
as the argument; and it is seen that the temperatures in 
column 7 are lower than the observed temperatures in 
column 5 (and 6), while those in column 8 are higher. 
In other words, by using Hettner’s absorption data, for 
an atmosphere overcharged with CO,, smaller inversions 
result than those found in Nature. On the other hand, 
using Weber and Randall’s data for an atmosphere con- 
taining normal amounts of CO,, the inversions are large 
enough to account for those observed. The inversions 
shown in table 2 would have been much larger if tem- 

atures of the snow surface had been observed, since 
in all cases the surface temperature was observed in a 
shelter a meter or so above the snow surface, and it is 
well known that under the conditions here assumed the 
temperature of the snow is lower than that of the air 
a short distance above it. To illustrate this, in table 3 
are presented some typical observations taken by Ang- 
strém at Abisko, Lapland (14), during a calm, cloudless 


polar night. 


TaBLE 3.—Temperatures at different heights above a snow surface 
during a clear, calm night at Abisko, Lapland (after A ngstrém) 


Temperature | Temperature | Temperature 
Date Time at snow 0.6 m above | 2.0 m above 
surface surface surface 

A. °C °C °C 
Fath. DR, 11. 00 —12.8 —8.4 —7.6 
12.00 —16.1 —10.6 
13. 30 —17.0 —12.0 —10.5 
16.00 —18.0 —141 ~-12.5 


From table 3 we see that the temperature of the snow 
surface may be 5° C. lower than that of the air 0.6 meter 
above it; and 6° or 7° lower than that of the air 2.0 meters 
above. Hence, if the temperatures in column 3, table 2, 
were the true surface temperatures, the values shown in 
column 7 would be found to be several degrees lower 
and would disagree even more seriously than those in 
column 5. On the other hand, it is not likely that the 
temperatures in column 8 would be found to be lower 
than those observed, even if the true snow surface tem- 
peratures were used. ' 

Returning to the question of radiative transfer between 
the atmosphere and the snow surface, we have seen that 
the surface temperature will remain unchanged at 253°A. 
provided that the temperature of the air remaims un- 
changed. However, if we are dealing with the same column 
of air, it is evident from figures 3a, 3b that its tempera- 
ture must decrease, since it is emitting more radiation 
than it receives. As mentioned above, the surface tem- 
perature will remain constant at 253° A. because it is 
receiving radiation from the atmosphere equal to the 
shaded areas under the 274° A. curve, figure 3a, and 
emitting an equal amount of energy which is represented 
by the total area under the 253° A. curve; but the atmos- 
Pp ere does not absorb all this energy that is being emitted 

y the snow-surface, because the 7-radiation and about 
one-half the S-radiation escape to space, as indicated by 
the cross-hatched area under the 253° curve. Hence the 
mean temperature of any layer that contains 0.15 milli- 
meter precipitable water and larger than normal CO, 
content must fall below 274°. With the initial lapse rate 
we have assumed, this will apply only to the lowest 
layers; and the lapse rate in the stratum including these 
levels will become practically isothermal. Since the 
temperature of the stratum is then lower than it was 
originally, it will send less radiation to the snow surface, 
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and so the surface temperature will decrease. This 
process will continue to go on, the atmosphere losing 
energy to space mostly by way of the snow surface; and 
as the air temperature decreases, the original steep la 

rate will be transformed into approximate isothermalcy 
up to a certain height. This is illustrated in figure 5 
whey the original lapse rate is shown by a solid line an 
the new lapse rates by dashed lines. The lengths of unit 
columns containing 1 millimeter precipitable water are 


-30 -20 -/0 70 
7emperature (°C) 


in of maritime air surface 
Ficure 5.—Successive stages over snow during a 
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indicated by shaded rectangles, and those containing 
0.15 millimeter by cross-hatched rectangles. 

A discussion of an example will show why the lapse 
rates will take on approximately the indicated successive 
shapes. Let us suppose that the temperature of the 
surface is —40° C. Then no layer of air, each of whose 
columns contains 0.15 millimeter precipitable water and 
0.03 gram CO,, can have a mean temperature higher than 
—23° C.; for if the mean temperature of a certain layer 
were higher, then the surface and underlying layers would 
receive more radiation than they would emit and conse- 
quently their temperatures would rise. Hence the surface 
temperature can fall to —40° provided only that the mean 
temperature of no layer above it is higher than —23°. 
Similarly it can be shown that by using the data of Weber 
and Randall, and assuming normal CO, content, the mean 
temperature of no layer of air can be higher than —9°. 
According to the ideal conditions assumed in this paper 
the inversion layer will be of infinitesimal thickness. 
However, in figure 5, for the sake of clarity, the inver- 
sions are ee by layers of finite thicknesses. 

Looking back now, we see that since only a thin stratum 
of snow and air will initially be involved, the surface 
temperature will at first fall very rapidly to a certain value 
dependent on the maximum mean temperature of a layer 
of the atmosphere containing in one case 0.15 millimeter 
precipitable H,O and 0.03 gram CO, and in the second case 
1 millimeter precipitable H,O and a normal amount of 
CO,. As the surface temperature falls below this critical 
value, the temperature of a certain portion of the atmos- 
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here must fall simultaneously; and its rate of fall will 
Comte slower as the temperature becomes lower, since 
for the same drop in temperature the surface must radiate 
to space a larger amount of energy, as seen from figure 5. 
Also, the rate of loss of energy to space by the surface 
becomes smaller with lower temperature; but a fuller 
account of the rate of decrease of temperature will be 
given later. 

From the above discussion, we see that the top of the 
isothermal layer marks the height to which cooling from 
the surface has extended; hence, strictly speaking, this 
level should be considered to be the top of the polar 
continental air, The air above, characterized by a steep 
lapse rate, is, in this case, still polar maritime air. An 
exception to this general statement will be pointed out 
later. During January and February 1936, when polar 
continental outbreaks were very pronounced over the 
Middle West, the daily cross-sections now prepared at 
the Central Office of the Weather Bureau were analyzed 
—— F to the above principles, with satisfactory 
results, 

From figure 5, it is seen that the lower the surface 
temperature, the smaller the inversion, and the higher 
the isothermal layer will extend; the top of the latter 
marks the height to which the influence of surface cooling 
has reached. To illustrate the phenomena by observa- 
tions, in figure 6 are plotted points relating the height of 
the isothermal layer to its temperature at Fargo, N. Dak. 
(46°54’ N., 96°48’ W., elevation above m. s. l., 274 
meters) during January and February 1936. In many 
of the soundings, ground inversions also existed, but 
some of the soundings showed steep lapse rates near the 
surface because of turbulence within the moving polar 
mass. Fargo is not situated in a true source region for 
= continental air; and when polar air does reach it, the 
ow surface temperatures characteristic of radiative 
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Fic uRE 6.—Temperatures and altitudes of isothermal layer above Fargo, N. Dak. (300 
m. M. 8. L.), January 1-February 19, 1936. 
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equilibrium are usually lacking because of the wind move- 
ment. Therefore no attempt has been made to correlate 
the magnitude of the ground inversion with the surface 
temperature. 

though the heights and temperatures of the ‘‘isother- 
mal layer” are plotted in figure 6, it must be pointed out 
that not all of these layers were perfectly isothermal. A 
strong wind can destroy the lower portion of the isothermal 
layer, and after the wind dies down the air will cool in 
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such a way that the lower portion of the isothermal] layer 
hecomes an inversion layer of considerable thickness. 
Also, as will be pointed out later, subsidence of the air 
mass will tend to transform the upper portion of the 
isothermal layer into an inversion layer. Hence in 
ee 6, thick layers, above the surface inversion 
or adiabatic layer in which the temperature increase or 
decrease with elevation was less than 0.2°/100 meters, 
have been considered to have a uniform temperature 
equal to the mean temperature of the layer. 


DIRECT RADIATION LOSS AND THE ROLE OF THE 
EMISSION LAYER 


At this point it is desirable to examine to what extent 
the atmosphere can lose heat directly to space, and not by 
way of the surface. In figure 1, by a comparison of 
soundings (a), (6), (c), we see that because of the converg- 
ence of the curves with increasing height the main loss 
of energy must be by way of the surface, and will be mostly 
in the form of T-radiation. Nevertheless, an appreciable 
amount of energy is lost to space from the upper levels of 
the troposphere, and this loss has an important influence 
on the lapse rate in upper levels. From figure 1, seunding 
(c), we see that the isothermal layer has a temperature 
of about —41° C., and extends to 3,300 meters. How- 
ever, from figure 5 we see that if the cooling is from below 
only, and the initial lapse rate of the air is that shown 
by the solid line, then an isothermal layer with tempera- 
ture —41°C. should extend to about 5,000 meters. ‘Now 
if in figure 1, sounding (c), we extend the isothermal 
layer to 5,000 meters and then draw an adiabatic lapse 
rate curve above, this latter curve will intersect the sound- 
ing at the next “significant” point. This curve is indi- 
cated as a dotted line extending from 3,300 meters to 
6,200 meters, and would probably represent the actual 
lapse rate if cooling had occurred from below only. If 
this be true, then the area between this curve and the 
original sounding is nearly proportional to the ene 
lost to space directly from the atmosphere. That the 
pica > at high levels does lose energy directly to 
space has been shown by Albrecht, (16), (17), (18), accord- 
ing to whom the rapid desten with height of atmospheric 
water-vapor content, and a of absorbing 
power, results in a natural upper limit to the region of 
atmospheric absorption. This critical height, correspond- 
ing approximately to the height of the —50° C. isotherm 
in an atmosphere of normal moisture content, marks the 
top of the emission layer, about 3 kilometers thick, 
from which atmospheric radiation is lost to space. In 
Albrecht’s example (16), the emission layer, as determined 
from Peppler’s mean summer values of temperature for 
Germany and Siiring’s formula for specific humidity, 
pres a | from 9 kilometers (—41°) to 12 kilometers 
(—50°). Applying the analysis described above to sound- 
ing (c), we find independently that the emission layer 
in this case extends from 3,300 meters (—41°) to 6,200 
meters (—52°), in good agreement with Albrecht’s 
bounding temperatures. It is also interesting to note 
that in sounding (c) the age en is found immediately 
above the emission layer, showing that in this case the 
emission layer forms the natural limit of the troposphere, 
which Albrecht pointed out to be true for the temperate 
and polar regions. 

Albrecht found from Hettner’s absorption data [(16), 

. 433, (17), p. 65] that the rate of loss of energy to space 
rom the emission layer would be nearly equal to that of 
the selective radiation from water vapor and carbon 
dioxide at —50° C., or about 0.170 gram cal/cm?/min. As 
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illustrated in figures 3a, 3b, the loss of energy to space 
from the surface takes place mostly through the trans- 
arent band; and, as ran, ws seen in figure 4 by subtracti 
rom the black body curve either of the two curves o 
atmospheric radiation, it is much less than that found by 
Albrecht for the emission layer. Now if Albrecht’s value 
were correct, then it would clearly be impossible for a 
sunless, cloudless, motionless atmosphere, possessing 
initially a steep lapse rate, to cool more rapidly in lower 
than in higher levels. In other words the cooling would 
proceed in such a manner that a steep lapse rate would 
always exist. This is contrary to the lapse rates observed 
in polar continental air masses, which are small, as seen 
from the examples in figure 1 and from Willett’s data for 
American polar continental air (19). Recently, Miigge 
(35) has presented curves showing rates of cooling for a 
tropical, subtropical, subpolar, and a polar atmosphere. 
The curves are based on earlier papers by Miigge and 
Miller (36), (37), and in each type of atmosphere, he 
finds ((35), p. 169) “* * * that in all latitudes the 
cooling is greater aloft than below, thereby continually 
creating atmospheric instability.” This conclusion is 
hardly consistent with the temperature-height curve he 
presents showing the structure of polar air; according to 
this curve, the lower portion of the air is very stable, the 
temperature decrease Selween the surface and 4 kilometers 
being about 12° C. 

Albrecht’s high value of the loss of energy from the 
emission layer can probably be explained by the fact that 
he used Hettner’s absorption data, which as we have seen 
seem too high as compared with those of other investi- 

ators. In a recent paper, Ramanathan (20) applied 
Frettner’s absorption data in a first approximation to the 
solution of the problem of radiative equilibrium in the 
upper troposphere; however, instead of repay cer- 
tain amount of absorption in the region 8-134, as Hettner 
observed, Ramanathan assumed complete transparency. 
Following Simpson’s scheme, he assumed an initial la 
rate of 0.6, and used elementary layers of thickness 1 kilo- 
meter, each having a mean temperature differing from 
those of adjacent layers by 6° C. He found that an 
atmosphere having the assumed lapse rate was not in 
radiative equilibrium, and that the layers would tend to 
lose or gain energy at rates shown in table 4. 


TaBLe 4.—Net radiation from different layers of the atmosphere 
(Unit=gm. cal/cm*/min. X 10-4 (after Ramanathan)] 


0.0015 cm. ppt. H:0 | 0.01 cm. ppt.H:0 | 0.03 cm. ppt. H:0 
as in stratosphere in stratosphere in stratosphere 
sumed 
tmospheric ean 
layer tem 100 per- 
ture of | 100 per- | 25 per- | 100 per- | 25 per- 
a, wecuncsetl 205° A —16 +36 +24 +51 +24 
211 —70 —15 31 30 44 
217 —122 —40 17 18 60 39 
a 223 —156 —93 —30 0 17 30 
| 229 —1588 —155 —39 5 
235 —112 —197 —76 —78 —57 
241 —62 — 166 —53 —42 —65 
247 —25 —121 —90 —52 
253 -9 -9 -61 
Loss from the emission 
—730 — 806 —354 —167 


In table 4 it is seen that the maximum loss of energy 
from the emission layer is about 0.090 gram cal/cm?/min, 
which is considerably less than that found by Albrecht; 
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and that the minimum is about 0.017 gram cal/em?/min. 
As the moisture in the stratosphere increases, the emission 
layer becomes lower, and less energy is lost to space. How- 
ever, an increase in the moisture in the troposphere 
causes the emission layer to become higher, and less 
energy is then lost to space. It would be valuable to 
extend Ramanathan’s work beyond the first approxima- 
tion, by the method used by Gowan (21), (22) to find the 
temperature distribution satisfying radiative equilibrium 
in the ozone region. 

Now after the cooling process has gone on for some time, 
and the temperature of the lower atmosphere has become 
low, then the emission layer, which has been radiating 
energy to space continuously, can decrease in tempera- 
ture, since it then receives less intense radiation from 
below and practically no radiation from above. Of 
course the very stable stratification below prevents any 
upward transport of heat by turbulence. As illustrated 
in sounding (c), figure 1, this will result in a certain upper 
limit to the height to which the isothermal layer can 
extend (probably about 3,500 meters), and the lapse rate 
above will be small. In these extreme cases of cooling, 
it would seem proper to call the whole troposphere polar 
continental air, since it is only after the lower portion of 
the atmosphere has cooled considerably by way of the 
surface that the emission layer can also cool. As the 
cooling continues, both from the surface and the emission 
layer, then the latter becomes lower, because its height, 
as shown by Albrecht, is a function mainly of temperature. 
Also, because of cooling, the lower atmosphere will con- 
tract. To estimate the magnitude of this latter effect, 
the heights of the 500 mb. surface were compared for 
soundings of type (a) and type (c), figure 1. Assuming 
the surface pressure to be the same, the difference was 
found to be about 500 meters. In figure 1, we see that 
the Ellendale sounding meets the tropopause at about 
6.2 kilometers, while the As sounding meets it at about 
8.1 kilometers; hence contraction of the lower atmosphere 
by cooling could not account for the difference in height 
of the tropopause at these two stations. Evidently 
other factors must enter, and we shall later examine the 
effects of radiation. 


RATE OF DECREASE OF SURFACE AND FREE-AIR TEMPERA- 
TURES OVER THE CONTINENT 


Let us now examine the rate of decrease of surface and 
air temperature, assuming that the loss of energy to 
senee takes place from the snow surface. As stated 
above, the snow temperature will at first fall rapidly, from 
its initial value of 0° C., to —20° C. (or to —33°), since 
only a thin stratum of snow and air will cool. Below this 
temperature, the cooling will become slower and slower, 
since a larger and larger portion of the air column must 
be cooled. 

Brunt [(23), p. 127] gives the following formula for the 
rate of decrease of surface temperature with time, for a 
calm, cloudless atmosphere resting above a homogeneous 
surface, where only conduction of heat from the under- 
lying surface compensates for the loss of heat by nocturnal 
radiation: 


te 
(1), 


where t=time in hours for surface temperature to fall 
from T, to T (from 273° to 253°, or to 240°); p=density 
of the surface=0.5 for old snow and 0.10 for new snow; 
c=specific heat of the surface=0.5 for snow; «=con- 
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ductivity of the surface=0.0011 for old snow and 0.00025 
for new snow (24), EH=effective nocturnal radiation 
(difference between black-body radiation at temperature 
T and return atmospheric radiation). 

Now in computing the fall of temperature from 0° to 
—20° C. (or —33°), a mean value of H must be found 
over the temperature range considered; this can be done 
from curves (a), (6), and (ce) in figure 4. The results are 
shown in table 5. 


TABLE 5.—Times for cooling of the snow surface from O° to the 
critical temperature 


Time for cooling 
Critical 
Absorption data tempera- 

ture em?/min. Old snow | New snow 

Hours Hours 

Hettner (above normal CO; content)..| —20° C. 0.11 1.5 0. 

Weber & Randall (normal CQ, con- 


In reality, due to the release of latent heat of condensa- 
tion and the transport of heat downward from the air by 
mechanical turbulence, the time for cooling is larger than 
the values in table 5; but these may be regarded as mini- 
mum values. 

In order for the surface temperature to fall below 
—20° C. (or —33° C.), the lower portion of the atmos- 
phere must cool; and as shown above, the cooling will 
transform the original temperature-height curve into those 
of the forms shown by the dashed lines in figure 5. If the 
ordinate of this figure were pressure, then the amount of 
internal and potential energy lost after a certain interval 
of time would be proportional to the area between the 
original temperature-height curve and the new curve. 

If 7, represents the initial temperature of some point 
at pressure p, in a unit air column, and 7’, represents the 
final temperature of this point, the difference in ene 
(internal plus potential) of the air column is given by the 
following expression [(25), p.27]: 


1) U=U,-U,= T,)dp gm. cal. 


where p=pressure in mb. p,, P,=pressures at bottom 
and top of the air column, c,=specific heat of dry air at 
constant pressure=0.240, g=acceleration due to gravity. 


Since 7, represents the known initial temperature distri- 
bution and 7’, the final distribution, which for the cooled 
portion of the atmosphere is a function of T,, the tempera- 
ture of the snow (as seen from table 1), therefore (1) may 
be written as a function of T,;: 


(2) U=U(T,). 


As the saturated air cools, the water vapor will be 
condensed and the latent heat of condensation released. 
With an initial lapse rate of the type shown in figure 5, 
and assuming saturation, the amount of precipitable H,O 
is about 1 gm.: and so when the column is cooled sufficient- 
ly, a considerable amount of heat may be released. The 
following equation has been found to represent with 
sufficient accuracy the latent heat released: 


(3) U,.=3440—12.67, gm. cal. 


where 7, is the temperature in °A of the isothermal 
layer, which as we have seen is a linear function of 7;,,. 
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Due to the prevalence of subcooled water even at 
very low temperatures*, only the latent heat of water 
has been taken into account, assuming that it equals 
600 gm. cal. per gm. of condensed H,O. 

The presence of water droplets (or ice particles) in the 
atmosphere will have a certain influence on the radiative 
balance; but this is neglected under the assumption that 
the foreign particles are small and few in number, and 
fall rapidly to the surface in the absence of upward 
currents. 

The ene (potential, internal, and latent) of the col- 
umn will be lost to space principally through the 7 and S 
radiations from the snow surface; and the rate of loss 
will be 
(4) gm. cal/cm?/min., 


where o=Stefan-Boltzmann constant=82.10-", and «= 
980.10-'* or 800.10~- according to whether curve or 
(c) in figure 4 is taken to represent R,. 

Hence, the time required for cooling from —20° C. (or 
—33° C.) to T, will be 


(5) =f 


where in the one case 7,=253° and in the other, 240°. 

In order to evaluate (5), certain approproximations are 
introduced in order to obtain a simple expression for U: 
Instead of assuming an initial lapse rate that follows the 
condensation adiabat above a shallow adiabatic layer (as 
shown by the solid curve in figure 5), we assume that the 
initial lapse rate is linear and equal to 0.77 of the dry 
adiabatic rate (as shown by the dotted line in figure 5). 
After cooling has occurred the lower levels will become 
practically isothermal at temperature 7. This iso- 
thermal layer is considered as extending downward to the 
surface, although actually there is a shallow inversion 
layer in which the temperature increases from 7, to7’,. 
The total energy of this layer is so small in comparison 
with that of the thicker layers considered here that it is 
oe as negligible. Hence, in the simplified case, (1) 

comes 


minutes, 


e 


Pa 


for a linear lapse rate po, that is, 0.77 of the dry adiabatic, 
we have 

1000 (573) 273 


(7) 
R. 
where m 8 the gas constant for dry air, and g is the accelera- 


tion due to gravity. 
Eliminating p from (6), 


—4.5-10°-C, 
= — 7,4/273—0.818] om. 
cal. 


For T7,=249°, U=1,042 gm. cal. as compared to about 
1,092 gm. cal. determined from the original lapse rate of 
figure 5. Assuming a linear lapse rate of 0.77 the dry 


* According to Frost (26) ‘‘at Fairbanks dense fog always accompanies temperatures of 
—45° F. or lower. The records for January 1934, show 348 hours with —45° F. or lower 
and during this time there were 320 hours of dense fog. On one occasion the fog prevailed 
for 155 consecutive hours.” From 3 polar year airplane soundings taken through low 
Te nperature fog at Fairbanks it was found that their heights were 115 m., 200 m., and 

m. 
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adiabatic thus results in an underestimate of U for the 
temperature range considered here. This difference is in 
part compensated by assuming that the loss of energy to 
space is only by way of the snow surface and not also by 
way of the emission layer; hence, the underestimate of 
U will be partially corrected by an underestimate in EF. 
Let us now compute the time required for the cooling 
of an atmosphere overcharged with CO., using Hettner’s 
absorption data, remembering that in this case 


(9) T,=1.18Ts—25. 
Substituting (3), (4), (8) in (5), and eliminating T, by 
means of (9), we find 


Ts 289 
(10) =f (31) [7's—21.2]**—304 
253 
where «x = 980-10-" and = 82-107", 
In order to integrate (10) it is necessary to expand 
[7’s—21.2]*-*; since the expansion converges very rapidly, 
only the first three terms need be retained, and hence (10) 
may be written as 


289 Ts 

(11) 
Ts T+ 

95.4 of dT; 


Ts T,* 5 


dT; minutes, 


f= 


Ts dT; 
—304 


Each of the above integrals can be easily evaluated and 
the final expression for ¢ mes 


(12) 
+ 2606-logiy (0.0837y—1) } 
—0.6204-10*{0.20z° +-0.02 1z* +0.0023z° 
+-0,000292?-+-0.00004 12} 


+-595-10* logy (0.0837 — 1089-10* minutes, 
where 
y=T 


Similarly, it is possible to compute the time for the 
cooling of an atmosphere of normal CO, content, using 
Weber and Randall’s absorption data. 

In figure 7 are plotted the thermograms for the two 
cases studied. The inset figure shows the initial rate of 
cooling. In the first few hours the temperature falls 
very rapidly from 0° to the critical temperature, —20° 
(or —33°), while the air temperature remains practically 
constant. The surface temperature can fall below —20° 
(or —33°) provided only that the maximum air tempera- 
ture also falls, so that at t=1.5 hours (or 2.3 hours), 
the temperature curves show discontinuities in slope; 
from this point on, the cooling rates become smaller and 
smaller, so that for the surface temperature to fall to 
—40° requires about 15 days (or 2 days) of cooling, and 
to fall to —60° requires about 62 days (or 23 days). 

The large difference in the cooling rates for the two 
cases studied is due to the fact that the return atmospheric 
radiation is different in the two cases. A larger amount 
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of return atmospheric radiation allows the surface tem- Alaska Section”, published by the Weather Bureau, the 
perature to fall a lesser number of degrees without a writer obtained the minimum temperatures that occurred 
corresponding fall in the temperature of the free air; and during each of the above months, except the value for 
because a larger amount of return atmospheric radia- January 1934, which was taken from Frost (26). The 
tion implies a smaller amount of radiation passing to number of clear days also was noted, and to this was added 
space, it will take more time for the surface tempera- one-half the number of partly cloudy days to find the per- 
ture to fall to a given value. However, in the cooling centage of clear sky during the month. It was not 
of the free air, these two effects tend to compensate each until the night of October 19-20 that the temperature 
other in the following manner: For the same temperature fell below —20° C., so that this date can be taken as the 
of the isothermal layer, the loss of radiation to space in zero-point on the time scale. In other words, from this 
one case takes place at a higher surface temperature than date on, the temperature of the free-air began to decrease 
in the second case; this tends to equalize the rates of loss by surface cooling in the manner described above. From 
of energy, and so the free air thermograms do not diverge the thermograms in figure 7 were found the number 
as much as the surface thermograms. For the isothermal of days necessary for the temperatures to decrease to the 
layer to cool to —10° takes about 3 days as against 2 observed values. ‘The results, together with the monthly 
days; to —20°, 11 days as against 7 days; and to —30°, totals of unmelted snow as published in the “Climatologi- 


25 days as compared to 18 days. cal Data’, are shown in table 6. 
\ remp. 
Surface 
ig, N JO fermp. 
-20 8-40 
4 6 8 0 6 
J ~ =, 
§ 
ays 
| Ficure 7.—Computed thermograms based on (a) fe » by broken lines; (0) Weber and Randall’s data in atmos- 


, The rates of cooling presented in figure 7 must be Tasie 6.—March of monthly minimum temperatures at Fort Yukon, 
regarded as maximum rates of cooling, since absolutely bd 1 s above m. 8. thermom- 
odin, cloudless conditions have been assumed. Clouds, 
or even a small wind movement, would delay the cooling ‘ 
In to — which two sets og | Number of 
ee of thermograms is closer to reality, it wo e necessary Inches of| Mini- | Num-| po | num. | Number of| “Gays— 
to study the thermogram of a station at a high latitude and Date | 
situated on a snow-covered continent (or thick ice cover), | | | 
and to make allowances for cloudiness, wind movement, = 
and advection of colder or warmer air. As this is impos- connie 
sible, we must be satisfied with a less rigorous check. °C. 
This was done by examining the march of minimum 
temperature at Fort Yukon, Alaska (66°34’ N, 145°18’ | 18 
W, 140 meters above mean sea level), from August 1933 Dee. 31---------- Bi. 8 
to January 1934. From the “Climatological Data for the 
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In table 6, we see that the number of clear days which 
elapsed from October 20 to the dates of the various 
monthly minimum temperatures as given in column 6, 
is below that of column 7, and above that of column 8, 
where it must be remembered that the latter values are 
in terms of “ideal” days—that is, full days during which 
calm, cloudless, sunless conditions prevailed. Now, the 
number of days given in column 6, if reduced to “ideal” 
days, would be much less, because some sunlight, cloudi- 
ness, and wind movement undoubtedly occurred during 
the period. Also it is possible that a temperature 1 
higher than the minimum may have occurred at some 
earlier day in the month, and this too would reduce the 
number of days in column 6. Even so, the values in 
column 7 are much higher than those in column 6, show- 
ing that the combination of Hettner’s absorption data 
and an abnormal CO, content leads to a rate of cooling 
much slower than that observed in Nature. On the 
other hand, using the values of Weber and Randall, 
together with a normal CO, content in the atmosphere, 
a rate of cooling is found which is large enough to account 
e — march of minimum temperature observed at Fort 

ukon. 

It may be argued that the low temperatures observed 
at this station were not created in the vicinity by radia- 
tional cooling but rather are due to the importation of 
colder air from other localities. This may be true, and 
the fact that —54° was observed at this station on Decem- 
ber 31 may mean that it was observed at an earlier date 
at another, colder locality. This, however, would still 
mean that the values in column 7 are too high, unless a 
serious error were made in the selection of October 20 
as the zero-point on the time scale. For example, it 
might have happened that some other colder station 
reported a temperature below —20° before October 20 
and several extra days of cooling occurred before this air 
moved into Fort Yukon. This would increase the num- 
ber of days in column 6. To check this possibility, the 
minimum temperatures for all the weather stations in the 
Yukon Valley, as published in the October ‘“Climatologi- 
cal Data,” have been inspected. On October 17, Eagle 
(about 200 miles southeast of Fort Yukon) was the first 
to report a minimum temperature below —20° C. (—21°). 
On October 19 several more stations reported minimum 
temperatures below —20°, and finally on October 20 Fort 
Yukon reported the same. Now if we should start count- 
ing the days from October 17, this would increase the 
number of clear days in column 6 by at most 3. Even if 
this were done the values in column 7 would still be too 

e. 

_ Importation of cold air from north of the Yukon Valley 
is hindered by the Endicott Range; and this air, even if 
brought down from the north, would usually be warmer 
than the interior air, since it is well known that air over 
the frozen ocean is in general warmer than that over a 
continental snow cover [(27) p. 96 et seq.]. This is illus- 
trated by comparing the mean December temperature for 
Point Barrow, Alaska (71°23’ N., 156°17’ W., on the 
Arctic coast) and that for Fort Yukon. The normal tem- 
peratures for December are —25.2° C. and —29.6°, 
respectively; while the mean December 1934 tempera- 
tures were —25.8° and —37.3°, respectively. 

Another possibility of error lies in the initial lapse-rate 
assumed, fe might be argued that during the summer the 
air over the Arctic Ocean is much cooler than assumed in 
figure 5, and that less time would therefore be required to 
cool the air to the values observed at Fort Yukon. This 
would then decrease the values in column 7, table 6, and 
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make them better with the observed rates of cooling. 
However, it is a well-known fact that the sea-level tem- 
perature over the Arctic during the summer is about 
0° C. [(27) p. 89]; and assuming a lapse-rate of the 
kind shown in figure 5, that is, air in convective equilib- 
rium (above a shallow adiabatic layer) with an ocean sur- 
face of temperature 0° C., means that this air would repre- 
sent the coldest type of air possible over the Arctic during 
the summer. For this reason, and because of the assump- 
tions of a calm, cloudless, sunless atmosphere, the rates of 
cooling found above must be regarded as maximum values. 
It must be realized that this is true only for the northern 
hemisphere, since over the Antarctic the summer tem- 

rature is much lower than 0° C.; the mean December 
ice barrier temperature observed by Simpson was about 
—6° C, [(28) p.31, et seq.] and the mean Antarctic Plateau 
temperature much lower. 


HEIGHT AND TEMPERATURE OF TROPOPAUSE OVER POLAR 
MARITIME AND POLAR CONTINENTAL AIR 


In figure 8 we have reproduced the As soundings from 
Palmén’s paper [(1) fig. 5]. The time interval between 
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soundings I and III is 8 hours; we notice that the tro 
pause in III is at about 7.3 kilometer, or about 0.8 kilo- 
meter lower than in I, and its temperature is —55.4° C. 
as compared to —62.8° C. in I; but, as Palmén pointed 
out, in sounding I a discontinuity in lapse rate alread 
“p ars at 7.2 kilometers at a temperature of —56.6° C. 
én suggests that this point is at the cold front which 
had passed As during the preceding night; but it appears 
more reasonable to interpret it as the first sign of a new 
copeeetee, since the tropopauses found in soundings 
III, IV, V are at approximately the same height and have 
the same temperature as this discontinuity. 
(As Palmén points out, the first signs of a second, higher 
tropopause found in soundings V and VI, apparently are 
due to an ap roaching disturbance west of Iceland.) The 
destruction of the original tropopause in I can be explained 
by its being bounded above and below by strata of warmer 
air; the temperature of the top of the tropopause inver- 
sion is —54.8°, which is not far different from the tem- 
perature of —56.6° found at the discontinuity below the 
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tropopause, while the temperature at the bottom of the 
inversion is —62.8°. From considerations of radiative 
balance, it appears that the temperature of the latter 

int must rise until it becomes equal to that of the bound- 
ing air, provided the inversion is not maintained by con- 
vection. An exception would occur in the presence of a 
discontinuity in moisture, which would allow the sharp 
inversion to be maintained in the manner of a “dry inver- 
sion’ (29). However, at the low temperatures considered 
here, the amount of water vapor is so small that differ- 
ences in it can hardly influence the radiative balance. 
Hence, provided convection is absent, the original tropo- 
pause in sounding I must vanish and the lower discon- 
tinuity become the new tropopause. In table 7 (repro- 
duced from Palmén’s paper) are presented the heights 
temperatures, and potential temperatures at high-leve 


significant points on the As soundings: 


TaBLe 7.—High-level significant points in the As soundings 


(After Palmén] 
Ht.indyn. M. | Temperaturein®C.| Pot. temperature 
Soundings 
1933 
Th th te 63 
No. I Feb. 2, 15!!__.._..- 7, 196 8, 146 —56.6 —62.8 292. 8 297.2 
No. IV Feb. 3, 3%_____.- 7, 141 7,401 —55.0 —56.0 293. 2 295. 6 
No. V Feb. 3, 6*........ 7, 159 8,912 —55.3 —58.4 292, 2 312.7 
No. VI Feb. 3, 13!¢_____- 7, 758 10, 000 —52.6 —58.0 302. 4 


Each of the soundings except III has two significant 
points; and as pointed out above, the last two soundings 
show the influence of a rising tropopause apparently due 
to an approaching disturbance from the west. Palmén 
mentions that the potential temperatures of H, are almost 
constant from soundings I to V, but from the table we 
see that the actual temperatures are more nearly constant. 
This remarkable agreement of temperatures along the 
tropopause, evident during a period of more than 16 
hours, indicates that the —55° or —56° isotherm marks 
the top of the emission layer over As. As Albrecht 
pointed out, the emission layer forms the natural top of 
the tropopause in high and middle latitudes, and from the 
mean summer values over Germany he found that the 
temperature of the top of the emission layer was about 
—50°; in his second paper (17), from a theoretical con- 
sideration, he found —53°; in the Ellendale soundin 
(fig. 1), from an independent analysis, the writer compu 
a temperature of —52°. Although the mean tempera- 


ture of H, from the As soundings (—55.6°) is slightly 
lower than the above values, it appears that this iso- 


therm also marks the top of the emission layer over As. 

As pointed out by Albrecht and others (17, 30), the 
tropical tropopause is higher than the emission layer, 
because of the continuous convection extending to high 
levels. Radiation currents both from the warmer emis- 
sion layer and the warmer stratosphere tend to destroy 
the high cold tropopause, but convection dominates and 
maintains it. Now, when polar continental air leaves its 
source region and crosses an open ocean surface, then 
violent convection ensues; and although it is not yet 
possible to compute the height of this convection, it is 
probable that, initially, when the air temperatures are 
very low it extends to about 8 or 9 kilometers, a few 
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kilometers above the emission layer. However, when the 
air (now polar maritime) passes over land, the tropopause 
is no longer maintained at its origina! height by convee- 
tion, and its height must now be determined by the emis- 
sion layer. Radiative balance will wipe out the original 
tropopause; and a lower, warmer one will form just above 
the emission layer. As the air moves over a snow surface 
and cooling of the lower atmosphere occurs, then, as 
pointed out above, the lower tropopause can contract 
about 500 meters. This will tend further to lower the 
tropopause and to raise its temperature. In table 7 we 
see that the new mean height and mean temperature of 
the new tropopause (H,) are about 7.2 kilometers and 
— 56°, respectively. In sounding (c), figure 1, the height 
and the temperature of the tropopause at Ellendale are 
about 6.2 kilometers and —52°. Hence, we see that 
after the new tropopause forms above the emission layer, 
the differences in height and temperature of the tropo- 
pause can be very nearly explained by its lowering and 
adiabatic warming due to the cooling and contraction of 
the troposphere. 

From the arguments presented above we should expect 
a winter polar continental tropopause to be lower and 
warmer than a polar maritime tropopause. To verify 
this by observations, in table 8 is presented a portion of 
Palmén’s table [(31), table 1], that gives the mean tem- 
peratures of polar (maritime) air over England for the 
winter half-year (October-March, 1924-29), together with 
polar continental data for North America. Palmén 
selected each of the soundings after a careful analysis of 
the synoptic situation so that they are representative of 
individual air masses, and grouped them according to 
high and low surface pressure. Although Palmén calls 
the air ‘polar’, we assume on account of the maritime 
exposure of England that it is polar maritime. No other 
comparable group of observations at high latitudes, giving 
the mean winter structure of polar continental air to high 
levels, seems to be available. The observations made at 
Pawlowsk, Russia (59°41’ N, 30°26’ E), 1902-09, are 
available oniy as monthly means, and cannot be used since 
they probably include many cases of modified polar mari- 
time and tropical air. However, in table 8 are shown 
means of the sounding balloon observations taken at 
Ellendale, N. Dak., in the winter half-year of 1932-33, 
during pronounced polar continental outbreaks. These 
observations have been discussed by Ballard (32); they 
were taken in two series a month, each series comprisi 
three soundings made within 18 hours, the first at loca 
noon, the second at midnight, and the third at 7 the next 
morning. Ballard attempted to correct the daytime ob- 
servations for heating of the bimetal due to insolation and 
these corrections are included in table 8; for the noon 
flights they range from —1° C. at the surface to —4° at 
10 kilometers, and for the morning flights from 0° at the 
surface to —1° at 10 kilometers.* Since some series did 
not include all three soundings, means of each series were 
computed and these were used to find the winter means, 
equal weight being given to each series. Five series were 
taken during pronounced cases of polar continental out- 
breaks in the winter half-year on the following dates: 
December 14-15, 1932; December 29, 1932; January 
11-12, 1933; February 8-9, 1933; March 8-9, 1933. The 
individual soundings may be seen in Ballard’s paper. 


4 These corrections are not included in the soundings reproduced in land 9, 
since they were found from studying the mean differences and should t be applied 


only to mean values. 
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TABLE 8.—Thermal Structure of Polar Maritime and Polar 
Continental Air 
England Ellendale, N. Dak. 
1017-1030 
1022 mb 996 mb. 
Height in kilometers mb. Seetine? 
of sound- 
Temper-| Number | Temper-| Number | Temper-| "85 
ature cases ature of cases ature 
°C, 
Surface. . +4.4 31 +6.7 21 —18.1 12 
—11 31 —0.9 21 —20.9 12 
—5.1 31 —6.7 21 12 
SES: —9.8 31 —13.9 21 —25.0 12 
—16.1 31 —19.6 21 —30.5 12 
—22.8 31 —27.1 21 —35.7 12 
—29.5 31 —34.6 21 —42.1 2 
—36.6 31 —4L4 21 —46.7 12 
—43.2 31 —46. 2 20 —50.1 12 
—49.7 31 —48.7 20 —51L.5 12 
—54.3 31 —49.9 20 —51.4 2 
—57.0 31 —49.7 20 —50. 8 12 
—56.5 31 —49.7 18 —516 12 
—54.4 2 —50.5 17 -5L1 12 
—55. 2 26 —51.4 14 —52.3 ll 
—55.9 21 —52.1 12 —53.7 9 
—56. 1 21 —53.3 12 —52.9 
TROPOPAUSE 


In table 8, by comparing polar maritime air in the 
neighborhoods of low pressure and of high pressure, we 
see that the former has a colder troposphere (except at 
the surface layer), a lower, warmer tropopause, and a 
warmer stratosphere. On the other hand, polar conti- 
nental air has a much colder, stable troposphere than 
either of the two types of polar maritime air, and a lower 
tropopause whose temperature is slightly higher than 
that of the low-pressure type of maritime air but much 
higher than that of the high-pressure type; however, 
the actual stratosphere temperatures for the continental 
air seem to be between those of the two types of mari- 
time air, although closer to those of the low-pressure 
type. 

An explanation of these differences will not be attempt- 
ed here, but the following important bynes should be 
emphasized. The lowest tropopause of the three types 
of air is found at Ellendale, a station about 600 kilometers 
south of the latitude of England, duri eriods of higher 
than normal surface pressure (the following are the 
respective mean sea-level pressures for each series: 
1,030 mb., 1,017, 1,021, 1,029, 1,024). The temperature 
of this tropopause is even slightly higher than that of the 
warmest type of winter tropopause which occurs in 
England (in the neighborhood of a deep occluded cy- 
clone).» The low, warm tropopause found over Ellen- 
dale during polar probably could 
be found over all deep polar continental air masses; and 
its evolution from a higher, colder tropopause over 
polar maritime air is probably explained by the reason- 
ing above, viz, the cessation of convection as the polar 
maritime air leaves the open ocean, thus allowing the 
emission layer to determine the new tropopause, and the 
contraction of the troposphere due to cooling. 


THE EFFECTS OF SUBSIDENCE 


_ As pointed out by Namias (33), surfaces of subsidence 
in American polar continental air extend over large areas 
’ The temperature differences may be even larger than those shown in table 8, since it 


is unlikely that the English light soundings were corrected for tion, as were 
the Ellendale soundings. 
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and are also surfaces of constant potential temperature. 
Subsidence inversions will naturally form where some small 
inversion or weakening of the lapse rate already exists. 
Formerly it has been thought that radiative transfer 
across a moisture discontinuity or haze line would cause 
the initial weakening of the lapse rate, and subsidence 
would accentuate this into an inversion (34, 33); but 
from the above, it is seen that there also exists another 
explanation of the initial discontinuity in lapse rate that 
seems more plausible in the case of subsidence inversions 
covering large areas. If a homogeneous polar maritime 
air mass moves over a broad horizontal snow surface, 
then, after a certain interval of time, the isothermal layer 


% 


- 


Ficure 9.—Soundings at Ellendale, N. Dak., (a) February 8, 1933, 13.28 h.; (6) February 
%, 1933, 7.42 h., local time. 
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will extend up to a certain height which will be nearly the 
same over the entire area, and so the top of the isothermal 
layer will have practically the same potential temperature. 
en the air mass moves southward and subsidence 
begins, the top of this layer will naturally tend to become 
the top of the subsidence inversion and will be character- 
ized by almost constant potential temperature over its 
entire surface. To give an example of this phenomenon, 
rtions of two balloon soundings made at Ellendale, 

. Dak., on February 8-9, 1933, have been plotted on 
figure 9. The first of these soundi [curve (a), also 
plotted in fig. 1} was taken at 13.28 h. on the 8th; the 
second [curve (6)], made 18 hours afterward, shows a 
higher temperature from the surface to about 5,000 
meters, the maximum difference being 12° C. at about 
2,000 meters, although the surface temperature increased 


1 


Test 


136 MONTHLY WEATHER REVIEW 


by only 8°. Evidently subsidence occurred above the 
well-stirred surface layer and this is verified by the close 
agreement of the potential temperatures at the top of the 
stable layers, 286° for sounding (a) and 288° for sounding 
(b). The decrease in thickness of the stable layer 
must be compensated by horizontal divergence, as Namias 
brought out in his example. According to his treatment 
of three well-defined cases of subsidence, the lapse rate of 
the air above the inversion decreased as the inversion 
became lower, but the decrease was much larger than that 
computed for a layer sinking without any change in its 
horizontal cross-section. Hence, horizontal divergence 
was necessary to explain the increased stability, since 
this process would bring together isotherms of potential 
temperature. One of N amias’ examples showed a ver- 
tical contraction of 50 percent as the inversion subsided 
from 3,200 meters to 2,200 meters. With this in mind 
Ballard’s objection to subsidence in the soundings treated 
in figure 9 can carry little weight. In comparing the two 
soundings, Ballard (32) found that the mass of air from 
the surface to 5,000 meters decreased from the first 
sounding to the second, mostly because of increased tem- 
perature. This seemed to indicate that subsidence could 
not have occurred, since if it had, the mass of air from the 
surface to 5 kilometers would have had to increase. How- 
ever, there is no difficulty in explaining the loss of mass 
if we assume that horizontal y naman F occurs during 
subsidence. 

The warm, dry air above the subsidence inversion will 
in most cases be the subsiding polar maritime air, since 
the subsidence inversion will generally tend to form at the 
top of the isothermal layer, which really marks the top 
of the polar continental air. Hence, many of the so- 
called ‘‘subsidence inversions” are re “fronts”? which, 
however, may be accentuated by subsidence. 
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DUSTSTORMS IN THE UNITED STATES, APRIL 1936 
By R, J. Martin 


Dusty conditions which had prevailed during the pre- 

ing several months continued into April, but with 
decreased frequency and mostly with diminished severity. 
A comparison of the April chart with that for March 
shows that the center of maximum duststorm frequency 
migrated slightly to the north, while the greatest number 
reported diminished from more than 22 in northern 
Texas in March to 14 in western Oklahoma in April. The 
extent of the area affected by dense dust is also less; 
dense dust was reported only occasionally to eastward o 
the Mississippi River, and no reports of severe duststorms 
were received from the Lake region, the upper Ohio 
Valley, or New England. 

The shaded area on the April chart delineates those 
sections in which dense dust was reported, and the lines 
show the number of occurrences; the larger area, within 
the dotted line, includes stations reporting only light 
dust or dusty conditions. Such conditions prevailed on 
a varying number of days, ranging from only one in 

rtions of Mississippi, Ohio, Tennessee, and southern 

exas, to 3 in Illinois, 5 in Montana, 9 in ‘western 
Nebraska, and 19 in portions of Oklahoma. 


A few of the April storms in Colorado were comparable 
in ie | with those of the preceding month in that 
State. There were complaints of crop damage in several 


western States; and traffic was hindered, at times for 
several hours, by decreased visibility. There were several 
reports of snow tinged with dust; “red snow”’ fell in Mesa 
Verde National Park early in the month. 

Considerable damage was done to crops in Curry 
County, N. Mex., by a dust “front’’? which entered the 
extreme northeastern corner of the State on the 9th and 
had moved southward to the extreme southeastern corner 
on the following day; a severe duststorm on the 23d 
reduced visibility to one-fourth mile in many sections. 
The most severe New Mexico storm of the month occurred 
between the Rio Grande and the eastern State line, on the 
25th and 26th; the dust extended upward about 7,000 
feet and reduced visibility to approximately one-fourth 


mile. Dusty conditions were reported at Roswell, N. 
Mex. on 14 days. 

No damage resulted from a duststorm at Pueblo, Colo., 
on the 15th, where the cloud reached a height of 10,000 
feet; but the general storm of the 3d, which enveloped 
east-central counties from the Kansas border to the 
one hundred and fourth meridian, reduced visibility to 
100 yards in portions of the lower Arkansas Valley, where 


L/6HT 
Number of days with duststorms, or dusty conditions, April 1936. 


the dust continued to blow for 10 consecutive hours. In 
eastern Powers County on the 4th visibility was zero much 
of the time between 5 p. m. and 10 p. m., and motor 
traffic was at a standstill on several eh 

Dust damage, mostly erosion, in Oklahoma was con- 
fined to the panhandle counties and portions of Harper, 
Woodward, and Ellis Counties. No estimates of damage 
were received. 

There were no reports of loss of life from the duststorms 
of _ month, although considerable human discomfort 
resulted. 
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beobachtungen der Jahre 1906 bis 1925. Gieszen. 1933. 
io Pp. tables. fold. plates in back. 24 cm. (Disserta- 

on. 


Namekawa, Tadao. 

A study of the minor fluctuations of the atmospheric pressure. 
I-III. Kyoto. 1934-1935. p. 405-430; 83-127. IIL., tab., 
diagr., graphs. 26 cm. (Reprints from Memoirs of the 
College of science, Kyoto.) 


Osorio, Luis H. 
Efectos : oe de la temperatura y de sus variaciones. p. 
157-172. tables. 25 cm. (Excerpt: Boletin agricultura. 
Bogoté. Ntimeros ly 2. Febrero 1935.) 


Pardé, M. 
es, diagrs. cm. r.: Revue gr. des n 
et du Sud-ouest. T. vi, 1935.) . 


Philip, Charles G. 

Stratosphere and rocket flight (astronautics); a popular hand- 
book on space flight of the future, including a section on 
the problems of interplanetary — navigation . . . Lon- 
don. 1935. 106p. illus. 19¢ 


Poland. Institut météorologique. 1931. 
Supplément A. Résultats des observations météorologiques 
oraires tirées des enregistrement & Varsovie (Usine des 
Eaux). Warszawa. 1935. 46p. tables. Supplément B. 
Résultats des observations phénologique exécutées en 
Pologne pendant l’année 1931. Warszawa. 1935. 52 
~~ r., fold. map in back. Supplément C. La gréle en 19. 1 
ologne. arszawa. 1932. 61 p. tables, fold. maps 
ae’ back. [31 cm. Authors, titles text in Polish and 
French.] 


(Inaug.— 


: 
| 

| 

| 
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[Poland.] Zwiazku rolniczych zakladow déswiadczalnych Rzecy- 
pospolitej Polskiej. Sekcja fenologiczna. 
Instrukcja do prowadzenia spostrzegefi fenologiezynch sieci 
olskiej . . . Wydano z Zasitku ministerstwa rolnictwa. 
Warszawa. 1931. 90 p. 38 col. pls., tabs. 24 cm. 


Portugal. Commissdo de cartografia das colonias. 


Instrucgdes para uso dos 
Coimbra. 1929 p. incl. tables, fold. 


Poschmann, Albert. 
Beitrage zum der nichtlichen Ausstrahlung. Frank- 
furt. 1932. 21 8 pl. (figs., graphs, etc.), tables, diagrs. 
30cm. (Inaug.- rtation.) 


Puppo, Agostino. 

L’Osservatorio meteorologico di Conegliano e la ais 
degli strumenti attinometrici. Pavia. 1935—XIII. 
tables. 23 cm. (Extr.: Boll. del Comitato la 
e la geofisico del Consi, fut naz. delle ricerche. Anno 
V, N. 3, Luglio 1935-— 


Saedeleer, A. de. 


tos das coldénias. 
form. 26 cm. 


Un nouvel hy, (Communication pré- 
liminaire). rux. phe 27 cm. (2™e n- 
grés national des “Comptes 
rendus.’’) 


Stone, Robert G. 

Die Entwicklung der amerikanischen Bergobservatorien und 
das derzeitige Netz von Bergstationen in den Vereinin 
Staaten von Amerika. Wien. 1934. g: 11-30. ill. 29 

XLIII. Jahresbericht des Sonnblick-Vereines, 
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Tannehill, Ivan Ray. 


“— tion and use of weather maps at sea. Wash. 1935. 
illus., maps, charts, d - 23cm. (U. 8. Weather 
Circular R. W. B. 151.) 


Thomas, H. 


Das Zustandekommen eines Druckanstieges von 35 mm durch 
einen stratos 35 Kaltlufteinbruch ohne Mitwirkun 


pa Vorgiinge. Berlin. tables, di 
m. Preuss. Akad Wissensch’ Phys.- 
Math. Klasse. 1934. XVII.) 


Tsing Hua university meteorological observatory. 


Quarterly meteorological bulletin. vy. 1-2. 1932-33. Peip- 
ing. 1932-33. 34 cm. 
U. S. Weather bureau. Aerological division. 
Instructions for airwa os service. 3ded. 1935. 


Wash. 142 p. us., diagrs. 23% em. (Circular N.) 
(Earlier editions have title: Tatvastions for airway observers.) 
Watt, Robert Alexander Watson. 


Through the cage Be house; or, The wind, the rain, and six 
hun miles above. ndon. 1935. 192 p. front., 


pls., diagrs. 19 cm. 
aie R. Hanson. 
1934.) p. 6, 7, 14, 15. ill. 


0 cm. .: Kenwood magazine. July, 1 1934 


[Yugoslavia.] peer Gric. 


Meteorologischer Monatsbericht. 
31. v. p. tables. 38 cm. (Title & h 


. 1928- 
ngs also in 


SOLAR OBSERVATIONS 


SOLAR RADIATION OBSERVATIONS DURING APRIL 1936 
By Irvine F. Hanp, Assistant in Solar Radiation Investigations 


For a description of instruments employed and their 
exposures, the reader is referred to the January 1935, 
REVIEW, page 24. 

Table 1 shows that solar radiation intensities averaged 
above normal at all three Weather Bureau stations. 

Table 2 shows an excess in the amount of total solar 
and sky radiation at all stations with the exception of 
Washington, Madison, New York, Blue Hill, and Friday 
Harbor. 

Polarization measurements made at Washington on 
3 days give a mean of 61 percent with a maximum of 64 
percent on the 16th. At Madison, observations obtained 
on three days give a mean of 63 percent with a maximum 
of 71 percent on the 22d. All of these values are slightly 
above the April normals for the two stations. 


TaBLE 1.—Solar radiation intensities during April 1936 
(Gram-calories per minute per square centimeter of normal surface] 


WASHINGTON, D. C. 
Sun’s zenith distance 
8.a.m.| 78.7° | 75.7° | 70.7° | 60.0° | 0.0° | 60.0° | 70.7° | 75.7° | 78.7° | Noon 
Date A 

75th ir mass Local 
mer. y 

time A.M. P.M. time 

e 40] 30/20] 20] 30 | 40 | 50] e 

mm.| cal. | cal. | cal. | cal. | cal. | cal. | cal. | cal. | cal. | mm. 
Apr. 23....... 3.63] .62| .78| 1.08] 1.39] 1.01] .79 3.81 
381 | .42| .53] .63/ 1.02] 146/110] 2.74 
M 68 | 1.20] 1.48] 1.00] .79 
Departures_|-_..... —.O1 |+.05 |+.05 |+.12 |+.12 |—.09 |—. 10 


TABLE 1.—Solar radiation intensities during April 1986—Con. 


MADISON, WIS. 
Sun’s zenith distance 

am. 78.7° | 75.7° | 70.7° | 60.0°| 0.0° | 60.0° | 70.0° | 75.7° | 78.7° Noon 
Air Local 

Date 75th mass 
time A.M P.M solar 
.M. .M. 
e | 50/40/30] 20 30] 40] 
mm. | cal. cal. | cal. | cal. | cal. | cal. | cal. | cal. | mm. 
Apr. 6........ L 1.18 | 1.28 | 1.45 | 1.68 1.68 
ABP. and 1. 56 5.36 
Apr. 16......- 3.63 Reged 3. 63 
Apr. 17.....-- 3.30 ary 3.45 
Apr. 22....... | 1.30 | 1.86 | 1.00 2.87 
(1, 18)| 1.20 | 1.30 | 1.55 

LINCOLN, NEBR. 
1.32 1.05 | | 1.58 1.88 
Apr. 14....... 86 .71| .85 | 1.18| 1.47| .93| | 437 
Apr. .99| 113] 1.30] 2 16 
Apr. 17....... 2.36 |...... "94 | 1.06 | 1.27] 1.57] 1.24 | 1.00) .87| .74| 236 
Apr. 18....... 96 | 1.07 | 1.31 | 1.57 2 62 
Apr. 20....... 676| .42| .64| 1.20 7.04 
.67| .90| 1.04] 1.26 | 1.50) .97) .73 
|+.08 |+.07 07 |+.05 |+.06 |+.01 |+.02 |+.04 

BLUE HILL, MASS. 
Apr. 1.20 | 1.03 | 0.04 23 
‘Apr. 4.. 162°} 1.18 | 1.13 | 1.08 | 1.03 2.2 
Apr. l4....... 4 117 | | 32 
pr. 18....... 40 | 0.88 | 0.98 | | 1.25] 44 
Apr. 19...... 48| .88| 1.11 | 1.27| 1.48 4.0 
Apr. 20....... 38| .82| .91| 1.00] 1.19] 1.29 3.0 
Apr. 23.......| 29 | 127 | | 28 
Apr. 24....... “sted 1.19 | 1.47 | 1.27 | 1.06 21 
Apr. 27....... 1.21 | 1.32 | 1.12 | .05 |......|....-- 3.8 
Means......|...... | .98| 1,22) 1.35! 


*Extrapolated. 


| 
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TaBLe 2.—Average daily totals of solar radiation (direct + diffuse) received on a horizontal surface 


APRIL 1936 


Gram-calories per square centimeter 


Week beginning— 


New 
Orleans 


River- 
side 


Departures from weekly normals 


—5 
+139 
+142 

+48 


Accumulated departures on April 28 


—2135 | +672 | —287 | +2170] +651 | +1764 | 


| —1589 | +4347 | —826 | —917 | +805 | 


Taste 3.—Total, I,,, and screened, [,, I,, solar radiation intensity measuremenis, obtained during April 1936, and determinations of 
he atmospheric turbidity factor, 8, and water-vapor content, w= depth in millimeters, if precipitated 


AMERICAN UNIVERSITY, WASHINGTON, D. C. 


Date and hour angle 
Apr. 8, 1936 
Apr. 16, 1986 
1:00 a. 


28 


nf 
re 
SB 
23 


Pc 


Pp 


Np 


Apr. 8. Temperature 5° C; wind, S. 12; visibilit 
Apr. 16. Temperature 10° C; wind, NW. 20; visi 


Meteorological conditions during turbidity measurements 


30 miles; polarization, 61.4 percent; blueness of sky, 5. 
ility, 50 miles; polarization, 63.6 percent; blueness of sky, 6. 
Apr. 25. Temperature 8° C; wind, 8. 12; visibility, 20 miles; polarization, 57.8 percent; blueness of sky, 5. 


BLUE HILL METEOROLOGICAL OBSERVATORY OF HARVARD UNIVERSITY 


&3 


S53 § & 8285 


S$ BRR B 


mr 
3 
8 8 & 


~ 


8S & BES S 


SS2S5 BS SSS 
BSR 


Apr. 1, 1986 
Apr. 4, 1936 
1:12 a. m. 
Apr. 8, 1936 
4:07 a. m 
Apr. 9, 1936 
4:19 a. m. fae 
Apr. 14, 1986 
3:46Ja. 
Apr. 18, 1936 
Apr. 19, 1986 
Apr. 22, 1986 
1:58 &. 
Apr. 23, 1936 
1:51 p. m o 
Apr. 24, 1986 
1:38 a. m. 
1:33 p. m. 
Apr. 25, 1936 
4:12 p. 
Apr. 27, 1936 
4:04 a. m. 
0:16 a. m. 
2:31 p. 
5:08 p. m 
Apr. 29, 1986 
0:20 a. m. 


S8x8 88 BES BNSNS Bs 
8 88 888 


o 
3 


0. 059 81.2 7.3 
- 059 81.2 7.3 
- 034 8 7.3 
- 034 8 7.3 
-170 57.1 6.1 
- 166 57.3 6.6 

67.9 13.4 7.8 

47.8 1.4 7 

66.5 9.0 8&1 

73.6 3.1 28 

75.0 4.4 3.0 

85.5 16.3 11.3 

67.6 7.3 47 

73.0 14.6 9.2 

66.0 4.5 3.2 

75. 2 1.8 16 

79.5 6.9 6.1 

73.3 13.2 7.8 
78.0 &8 
050 67.0 4.5 
- 096 75.0 3.5 
- 068 80.0 6.1 
- 036 79.9 5.6 
- 022 77.7 17.5 
- 057 80.0 6.8 
- 074 79.0 3.8 
- 062 72.3 4.5 
- 045 79.6 10.6 
- 087 63.6 7.5 
65.0 1.3 
74.3 5.9 
78.6 11.9 
62.2 12.8 
75.6 21.7 


Pc 


Pc 


Np 


To 


| 
a Washing-| Madi- New Pitts- | Faire | Twin Blue | Friday 
ton son | Lincoln | Chicago) yor, | Fresno} burgh | banks | Falls Miami | | 
cal. cal. cal. cal. cal. cal. cal. cal. cal. cal. cal. cal. cal. cal. 
240 351 394 250 483 204 330 480 578 438 485 283 407 229 
iene nikihion 340 336 527 252 628 231 399 605 408 535 555 296 299 249 
——...... 488 391 564 390 558 256 410 522 383 474 473 287 483 191 
I ead 517 435 313 514 652 454 388 534 441 465 509 570 478 464 
+252 | +1568 —476 
Tune Te-o—In 
Air mass In I, I, | Bean | —— w Air-mass type 
. Percentage of solar 
constant 
ba . cal, . cal. . eal. mm 
87 | 0958 | "0.768 | 0.052] moss | 
87 066 
58 032 
Apr. 25, 1936 
3:56 Pp. 32 
34 30 1058; 0.712] 0.584] 0.098] 0.098 = 
35 1.111 804 . 670 146 
50 00 1. 367 766 "129 
52 16 1. 360 "919 "751 
36 51 1.341 "915 "005 
1. 167 . 832 708 .112 Po: Ner aloft 
23 1.131 . 782 . 663 Nrc 
q 30 1. 186 825 . 692 .108 Nep 
53 1.424 "934 768 "118 
50 1. 400 760 062 
21 . 029 Pe+Pa 
i 20 061 Pe: Pp aloft 
50 
"741 7066 Pot+Pa 
755 "063 
"749 038 
[029 ‘014 
. 756 058 . 056 = 
:776 
.041 .049 = 
. 682 . 055 . 166 Nec 
686 
059 
| 
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MEAN DAILY AREA FOR 30 DAYS, 944—Continued 
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ApRIL 1936 


Do. 


Do 


U. S. Naval. 


Mt, Wilson. 


U. 8. Naval. 


1, 


154 


216 
340 


474 |...-.---| Mt. Wilson. 


302 
16 


|.....-. 
—32.0 


Z 

oi 

=) 2 Dp 


oo 
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MEAN DAILY AREA FOR 30 DAYS, 812—Continued 
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MEAN DAILY AREA FOR 30 DAYS, 944—Continued 


POSITIONS AND AREAS OF SUN SPOTS—Continued 


4 
q 
: Heliogra: Area Heliographic Area 
East- Total East- Total 
a vy f Observatory Date tand for | Observatory 
3 Date stand- or s' - 
ard, | | Yong | | spot | Group | ard, | | Heng | | spot | croup| 
time | tafe | day 
| 
| 
| 
| 
| 123.0] +12.0]........ 123 |.......- 
169.0 | +22.0|......-| 154 864 
62.8 | +11.0).......| 947 |---..... = 
7 55.8 | —19.0 
y 65.8 | +16.5 
73.8) —2.0| 128 |........|------.. 
104.8 | —31.0 
0| 348.6] —19.0 Do. 
0} 47.6| +11.0 
0| 65.6 | +16.5 
122.6] 77 663 
0} 347.3 | 309 
0| 66.3] +19.0 
5| 102.8] —30.0 
1223] 62 910 
8001] —116).......| 216 }--...... Do. 
0| 6561] —180 
5| 60.6) +12.0 
0 | 129.1 | +12.0 
0} 61.0] +11.0 
0 97.0 | —26.0 
0} 101.0 | —20.5 7 |........1 
— 339.0 | —12.0 
353.0 | —19.0 
63.0] +10.0 20 
—21.0 i7 | 
—29.0| 138 
94.0 
0 97.0 
5 | 338.6 | —120 
| 343.1 | —20.0 
70.1 | —27.0 62 |........| 694 
| 343.4 | —20.0 
D | 353.4 | —19.0 
71.4| —27.0 46 |........| 802 
$42.7] —11.0].......| 304 }-......- 
>| 368.7) —280)........ 
| 352.9 | —19.0 648 
| 260.3 | +36.5 Do. 
80 '|-.--...- 
— 351.3 | —19.0 756 
—19.0] 1182) 412.0 }.......] 208 |.......- —%. 0 . -O |-.-.--- 
+78.0| 215.2 | +16.0 6 |------.-| 1,323 +53.0 —19. 
: 4 
¥ 
} 
, 
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PROVISIONAL SUN-SPOT RELATIVE NUMBERS, 
APRIL 1936 


(Dependent alone on observations at Zurich and its station at Arosa] 


Rest- Heliographic Area Total [Data furnished through the courtesty of Prof. W. Brunner, Eidgen. Sternwarte, Zurich, 
Switzerland] 
Date stand- Diff. in for Observatory . 
ard -| Lati- each 
time “fade | tude | SPot | Group | April 1936 | Relative |! pritig36 | Relative | Relative 
1936 hm ° ° ° 4 
4 40| —26.0 257.3 oe |... Wac93 ll aQ9l 21 a67 
tro} sees | 14 86 24 | 
+57.5 | 340.8 | —13.0 85 15 a73 25 Wce72 
13 50| —16.0| 254.6| 6.......- 16 ad88 26 77 
3306 | d89 19 83 29 32 
+68.0 | 338.6 | —10.0 25 ae 99 20 75 30 -— 
+79.0| 349.6] —180| 227 561 
$87.0 | 3455] —27.0| 62 ik Mean, 26 days=77.1. 
= Passage of group through the central meridi 
4= Entrance of a large or a center of activity on the east limb. 


AEROLOGICAL OBSERVATIONS 
[Aerological Division, D. M. Lirrix in charge] 
By L. T. Samve.s 


At those stations with a sufficient period of record for 
the determination of normals, 
temperatures during April averaged below normal except 
over San Diego where the departures were positive. (See 
table 1.) In practically all cases the departures were of 
moderate to small magnitude. 

Upper-air relative humidity departures were mostly of 
opposite sign to those for temperature, and of small to 
moderate magnitude. The comparatively pronounced 


increasé in the mean relative humidity with elevation 
found at El Paso is characteristic of the approach of the 
warm season. 

The directions of the upper-air wind resultants were 
close to normal at the 3-kilometer level. (See table 2.) 
Resultant velocities at that level exceeded the normals 
over the northern half and southeastern section of the 
emf and were below normal elsewhere. Departures 
were of small to moderate magnitude. 


| 

‘ 
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TaBie 1.—Mean free-air temperatures and relative humidities obtained by airplanes during April 1936 
TEMPERATURE (° C.) 


Altitude (meters) m. s. 1. 
Surface 500 1,000 1,500 2,000 2,500 3,000 4,000 5,000 
Stations 
ture ; ture ture ture ture ture : ture , ture ture ? 
va- 
Mean | from | trom | Meam| trom | Mean} trom | trom |Meat) from | trom | Mean} trom | Mean from | tions 
Field (Shreveport), La.! 
Boston, Mass.' (5 —2.4 3.1) 11] -1.2] | —3.6 | —2.0 | —5.6 —1.8] —7.8 | —1.7 |—12.2 | —1.3 |—18.3 | —1.2 13 
—.8 |...-... —2.6 —4.0 —65.8 |....... —8.2 |....... —10.6 |....... —16.0 30 
Kel "Field (San Tex.! 
14.3 15.2 14.4 13.1 11.5 9.1 5.9 —7.4 30 
Lakehurst, N. J.4 (39 m)-_.. 5.8 4.7 2.5 —3.1 |....... —5.4 —10.8 25 
Maxwell Field (Montgomery), 
15.0 15.6 13.2 10.7 8.1 5.8 2.7 —2.8 —8.7 22 
— Mitchel Field (Hempstead, Long 
es Island), N. Y.! (29 m)-_...-.....- 5.3 5.2 3.2 7 —1.2 —3.6 —6.0 —10.3 —16.7 22 
Murfreesboro, Tenn.? (174m).....| 89 10.7 8.9 7.3 5.1 2.9 -6 —4.8 30 
Norfolk, (10 9.5 | —2.0 9.6 | —1.6 7.0 | —2.1 2.7 | —1.7 —1.5 | —2.6 | —1.8 | —83 | —2.1 |-13.7 | —2.0 20 
Omaha, N 5.6 | —1.0 6.0} —1.3 5.2 | —1.7 3.1; -—2.0 1.2) —1.7 —-1.5 | —3.8 | —1.4 |—10.1 | —1.4 |-—16.9 | —1.1 30 
bei Pearl of Ha- 
3/-2.3) 126) 11.5] +.1] 100) —.1 7.4) —.9 1.5 | —2.6 |...-... 30 
ix ensacola, Fla.’ (2 17.2} —.1] 146 0 12.5 0 9.9) —.4 71) —.5 4.1 —.1] —7.9 0 27 
; San Diego, Calif.? (10 m).......... 13.0} 12.2] 13.6] +.9] 13.2) 42.0] 11.2] +19 8.4) +18 5.6] —.1 | 41.4] +18 29 
5.6 9.2 8.0 5.4 2.8 —2.1 —13.6 24 
Seattis, 10.5) +.7 6.6 | —1.2 4.8 —.6 2.2} —.4] —.2 0 —3.0} —.1| —5.8 —.3 |—12.6 | —1.3 |—20.2 | —2.0 15 
8 kane, Wash.? (596 m).......... 8.8 8.2 5.3 —1.4 —7.9 |....... 30 
ashingten, D. (13 7.1 | -3.2 7.1) 45) 2.4) —2.2 | —2.4] -—3.2 | —3.9 | —8.7 | —3.6 |—13.4 | —3.0 26 
Wright Field (Dayton), Ohio! 
(244 m) 6.5 4.6 2.7 —1.5 -9.1 —14.9 |....... %6 
| RELATIVE HUMIDITY (PERCENT) 
7 Barksdale Field (Shreveport), La-. 71 58 54 51 40 37 34 33 it awwsunicmsenn 
i 73 +3 65 -1 64 +1 64 +3 63 +1 63 +1 +4 60 +6 55 +4 
‘—& Kelly Field Gn Antonio), Tex... 79 75 63 55 43 39 37 35 
ite urs 71 65 59 59 62 58 53 
ontgomery), 
Mitchel Field (Hempstead, Long 
Islan 77 67 62 62 65 62 — 
, } RS Wi isrinndnertenaathcctiin 76 +7 62 +3 60 +4 60 +5 58 +5 53 +2 54 +5 51 +9 48 | +11 |..-... 
62 -8 61 —6 56 —5 54 -3 52 51 —2 51 -1 57 +5 57 $6 
Pearl Harbor, Territory of Hawaii. 83 | +13], 82 +8 85 +7 81 +6 67 -1 52 46 
Pensacola, 78 65 -1 56 56 +5 53 +5 51 +7 38 +2 238 
San Diego, C 87 | +13 81 +5 56 —11 29; —10 24; —10 21 18 18 
Scott Field ( iil 76 55 49 51 53 
‘ Seattle, h 74 +2 77 +7 74 +7 73 +9 69 +9 65 +8 +6 50 +3 46 $8 Spans 
Washington 71 +6 56 -3 55 —2 55 -1 56 +3 50 +1 45 0 48 $6 
he | 1 Army. 2 Weather Bureau. 3 Navy. 
Observations taken about 4 a. m., 75th meridian time, except lowlng te Pacific coast and Hawaii where they are taken at dawn 
a | Nore.—The departures are based on “normals” covering the follo total number of observations made during the same month in previous years, including the current month: 
4 i Boston, 84; Norfolk, 141; Omaha, 149; Pearl Harbor, 112; Pensacola, 190; San Diego, 175; Seattle, 84; Washington, 226. 
{ 
4 
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TaBLE 2.—Free-air resultant winds (meters per second) based on pilot-balloon observations made near 5 a. m. (E. S. T.) during April 1986 
(Wind from N=360°, E=90°, ete.] 


Albu- K 
Atlanta, || B Boston, |} Ch Chicago, Cincin- || Detroit, Fargo, || Houston, ey Medford, || Murfrees- 
|| Ge. Mon Mass.” yo. Ii.’ || mati, Ohio || Mich.’ || N. Dak. || Tex boro, Tenn. 
(1,554 m) || (09 m) (1,088 m) (15 m) (1,873 m) (192 m) (153 m) (204 m) (274 m) (21 m) (11 m) (410 m) (180 m) 
Altitude (m) 
Al> : > Aj > Al> Al> Al > | > Al> > Al > >| ale > 
° ° ° ° ° ° ° ° 
Surface. 335 | 0.9 |} 0.9 209] 1.4 |] 1.9 || 284] 3.4 204] 0.3 || 250] 0.6 1.4 || 320) 15] 74/221] 108) 22] 
259 | 3.6 || 255) 2.7 || 284] 3.11) 343] 28 95/3.6)) 308] 217) 29 
273 | 5.9 |] 284] 47 || 288 110.8 300} 6.5 || 281] 86 274] 7.81] 5.7 || 204] 1.2|| 180] 180] .5 220) 60 
2,000....----- 279 | 3.3 || 288 | 8.2 289] 5.2 200 /11.0 || 277] 5.9 || 303| 8.7 || 296 | 10.5 || 288 | 10.7 || 307] 84 |] 234] 22/| 219) 196/24)| 298] 7.3 
271 | 5.8 || 282 | 9.2 || 284] 7.4 || 283 /10.7 || 287] &8 |] 298 | 10.4 || 298] 9.8 || 289] 11.3 || 304] 8&8 |] 2.7 || 252/25 || 7.8 
284 | 6.8 || 285 | 8.8 || 201] 82 280 |12.7 || 208] 9.4 || 301 | 13.3 || 301 | 11.0 || 276 | 11.9 || 307] 8.5 || 275) 3.0 255 | 3.3 || 2251) 5.5 264] 5.9 
Pear] Har Sault Ste 
Newark, || Oakland, ||} Oklahoma || Omaha, |} bor, Terri ensacola, || St. Louis, || Salt Lake D Marte Seattle, Speinae, Washi 
N. J. alif. || City, Okla Nebr. tory of Fla. Mo. City, Utah || Calif. Mich Wash. Vash. ton, D. 
(14 m) (8 m) (402 m (306 m) yy (24 m) (170 m) (1,294 m) (15 m) (198 m) (14 m) (603 m) (10 m) 
m 
Altitude (m) 
m. s. 1. 
a a c 
A | > ra) > =) Al> =) > AIl> Tale a > 
Surface. 265 | 2.1 |} 199 | 0.7 |] 182] 19 36] 0.7 70| 1.5 || 283} 0.9 |] 1388] 2.2]! 360] 0.1 |] 331] 1.8 150] 1.5 139] 0.9 |) 201 1.8 
277 | 6.9 || 288 | 2.5 177] 5.2 110 | 0.8 189 | 1.2 || 241 | 3.8 333 | 1.9 || 342] 3.8 || 201 | 2.6 278 | 4.38 
1,000... -| 279 | 9.0 || 315 | 4.4 || 211] 86 |} 234 | 3.6 200] 4.4 |] 282] 6&2 346 | 2.8 || 340) 4.6 193| 223! 276] 6.7 
276 | 9.1 || 321) 3.0 245] 6.6 |] 269/ 6.3 263 | 5&1 || 293/7.9 148] 2.6 |} 294/3.7 || 322] 210/27 242] 299] 9.7 
284 |10.1 |] 315 | 3.0 || 259] 48 |} 304/ 9.9 278 | 7.3 || 210] 1.2 320/ 3.0 || 255] 3.4 47/] 286] 10.4 
2,500......... 287 |12.9 |} 321} 3.8 278] 4.5 |] 310 |11.0 287 | 7.5 || 296) 9.4 || 262) 23 || 207 | 4.8 224 | 6.3 || 258) 5.5 || 99 
287 |12.4 || 284) 301] 57 |] 310 269} 6.6 || 300/94 276! 3.6 || 328/ 4.8 221 | 5.7 || 257 | 5.9|| 270| 10.4 
1 Navy stations 


RIVERS AND FLOODS 


[River and Flood Division, Montrose W. Hayes in charge] 


By W. J. 


The winter of 1935-36 was unusually cold over the 
region east of the Rocky Mountains, and the snowfall 
was the heaviest in many years in the country north of 
the Potomac, Ohio, and Missouri Rivers. These condi- 
tions usually bring about floods when there is a sudden 
melting of snow and breaking up of ice by rain and warm 
weather; and in March floods occurred in Iowa, Minne- 
sota, and in all the States east of the Mississippi River, 
except Michigan. They were light to moderate, except 
along the Atlantic seaboard from Virginia northward and 
in the upper Ohio Valley, where they were extremely 

igh and exceeded all previous records. 

ate in February and early in March, mild, rainy 
weather caused rises and ice gorges in the rivers of Virginia 
and Maryland, and some damage resulted from ice 
movement, but the combined run-off from the rain and 
melted snow was insufficient to give injurious floods. 
New England, New York, and Pennsylvania were not so 
fortunate, and there was considerable damage from both 
the crushing effects of ice and from floodwaters. 

By March 16 the streams in ME ey and Maryland 
had fallen considerably and a fall had begun north of 
Maryland. Conditions were approaching normal, but on 
March 17 a storm that originated on March 15 in Texas 
had moved to south-central North Carolina and was 
causing general rains over the Middle Atlantic seaboard 
and the upper Ohio Basin. These rains were phenome- 
nally heavy in the country to the west of the Coastal 
Plains and along the divide between the eastern rivers 


Moxom 


and the upper Ohio Basin. Amounts of nearly 5 inches 
occurred in 12 hours or less over a large area in the 
mountainous regions of Virginia, Maryland, and western 
Pennsylvania, and more than 6 inches fell at some stations 
in a period of 48 hours or less. The storm moved slowly 
in a northeasterly direction and the rains were heavy 
over all of the North Atlantic seaboard. To the north- 
eastward the amounts were not so heavy, but from a 
flood-producing viewpoint the results were about the 
same, because the rivers in the southern part of the area 
under consideration were much lower at the beginning of 
the rain than they were in Pennsylvania, New York, and 
New England. 

The rains fell on well-saturated and semifrozen soil, 
and the percentage of run-off was unusually high. This, 
coupled with the fact that the northern rivers were at or 
above flood stage, and those in Maryland and Virginia, 
while not in flood were higher than normal, gave the most 
disastrous floods of record in the James, Potomac, Sus- 
quehanna, Connecticut, and Merrimack Rivers, in some 
of the tributaries of the Ohio River in Pennsylvania and 
— +; Ohio River from Pittsburgh, Pa., to below Wheeling, 

. Va. 

The Ohio River flood, which gave a record crest stage 
of 46.0 feet at Pittsburgh, Pa., on March 18, crested at 
Evansville, Ind., on March 31. The rise in the Ohio 
below Evansville was prolonged, due to early April floods 
in the Cumberland and Tennessee Rivers, and a crest 
stage of 52.8 feet occurred at Cairo, Ill., on April 16. 
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In the lower Mississippi River, flood stages were exceeded 
at all points between Cairo, Ill., and Helena, Ark. At 
Helena the crest was 50.6 feet on April 22-24. Flood 
stage was not reached below the mouth of the Arkansas 
River; and the crest of the rise reached New Orleans, 
La., on May 3, 1936, giving a stage of 14.4 feet which 
was 2.6 feet below flood stage at that place. 

In April, river stages in the Carolinas were the highest 
since 1929, and the highest since 1916 at a few points in 
the Saluda Basin in South Carolina. Moderately high 
floods prevailed in Georgia and Alabama; they were 
light to moderate elsewhere. All of the rivers in North 

arolina have been in flood one or more times during each 


‘month from January to April, inclusive, with high water 


in the lower portions for prolonged periods. 
Flood losses in the Northeastern States in March were 
undoubtedly the greatest of record, but it is not practi- 
cable at this time to give the estimated money value. 
Several hundred thousand people were made homeless 
by the floodwaters and many homes were completely 
destroyed. The actual number of drownings may never 
be known, but unofficial figures place it at more than 170. 
Business was partially or completely paralyzed in many 
of the large industrial sections, and losses to wage earners 
and retailers amounted to large sums. In April rather 
large losses occurred in Mabon. Georgia and the 
Carolinas, but elsewhere they were light. 

A full report of these floods will be made in a later 
number, or perhaps a rapes of the MonTHLY 
WeaTHER Review, when all data are available. 

The following table shows for a few stations the g 
heights of the March 1936 flood, compared with the 
previous highest records: 


Previous record 
Station River 1936 stage 

Stage Year 

35.9 35.4 | 9035 
Richmond, Va. 26.5 23.6 | 1935 
Hancock, Md_- 47.6 39.7 | 1889 
Washington, D. 19.8 19.5 | 1889 
26.8 21.0; 1889 
Springfield, 28.6 22.4 | 1927 
33. 1 22.1 | 1859 
McKeesport, Pa...........--.-.----- 28.8 25.8 | 1907 
Oh 46.0 41.1 | 1763 
Old Dam No. 2, Coraopolis, Pa 43.6 36.5 | 1907 
Dam No. 6, Beaver, Pa_....-...-.--- 54.8 46.6 | 1907 
Dam No. 13, Wheeling, W. Va-_-..-.-- 57.8 53.4 | 1884 
Parkersburg, W. 48.0 58.9 | 1913 


Table of flood stages in March and April 1936 


Above flood stages— Crest 
Flood dates 
River and station stage 
Fronm— | To— | Stage Date 
ST. LAWRENCE DRAINAGE 
Lake Erie Feet Feet 
Sandusky: Upper Sandusky, Ohio....-| 13 | Mar. 25 | Mar. 25| 13.7 | Mar. 25. 
ATLANTIC SLOPE DRAINAGE 
Connecticut: 

ar. 12] Mar. 14} 19.8 | Mar. 12. 
White River Junction, 18 Mar. 17] Mar 33.4 | Mar. 19. 
Bellows Fella, 16 | Mar. = 

ar. ar. . ar. 
Holyoke, Mass. 9 |\Mar. 19 | Mar. 25| 16.8| Mar. 20 

20 |__.do__..| Mar. 24] 38.6 Do. 
Mohawk: Tribes Hill, N. Y--..------- 23 Mar Mar Mar. 

ar. ar. ar. 
Hudson: Albany, N. Y---------------- 12 {star 18 | Mar. 20 | 18.7 | Mar. 19. 

i ar. 1 ar. 1 1 ar. 
{Mar. 17 | Mar. 19| 152| Mar. 18. 
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Table of flood stages in March and April 1936—Continued 


Above flood stages—- 
Flood 
River and station stago 
From— To— Stage Date 
ATLANTIC SLOPE DRAINAGE—COn. ‘ 
cet 
ar. 9| 11.3] Mar. 11 
Lehigh: Lehighton, 9 |\Mar. 18 | Mar. 19 | 13.1 | Mar. 18 
Mar. 12 | Mar. 13 | 15.5] Mar. 12 
Schuylkill: Reading, 10 |;Mar. 18 | Mar. 19} 12.4 | Mar. 18. 
Dels Apr. Apr. 6] 10.2] Apr. 6. 
Port Jervis, N. ¥.....-...---.-.--- 18 | Mar. 18 | Mar. 18 | 18.6 | Mar. 18 
ar. ar. : ar. 12, 
Phillipsburg, N. 22 {Mer 18 Mar. 30.7 Mar. 19 
ar. ar. ar. 12, 
N. 12 (Mar. 18 | Mar. 20| 16.6| Mar. 19 
ZO: 
Mar. 12 | Mar. 13 9.6 | Mar. 12, 
Sherburne, N. Y....--.-..--------- 8 {Mor 16 | Mar. 22 | 10.6 | Mar. 18 
ar. ar. ar. 13. 
Bing ton, N. 16 {Mer = 18 
i ar. ar. 3 ar. 12. 
16 |{Mar. 18 | Mar.i8| 178 | Mar. is 
ran usque 4 
Williamsport, Pa 20 Mar. 12 | Mar. 13 23.7 | Mar. 12. 
Mar. 17 | Mar. 20 | ! 33.7 | Mar. 19 
Frankstown Branch: Huntingdon, Pa.| 12 122.0 | Mar. 18. 
26 | Mar. 18 | Mar. 19} 34.2] Mar. 19. 
uehanna: 
ar. ar. 
Bainbridge, N. Y..---------------- 12 Mar. 22 | 21.5 | Mar. 18 
ar. ar. ar. 1 
Binghamton, N. Y -----.---------- 14 (Mar. 17 | Mar. 21 | 22:8 | Mar. 18 
ar. ar. ar. 1 
ar. ar. ar. 
Wilkes-Barre, 22 (Mar. 17 | Mar. 33.1 | Mar. 20, 
ar. ar. ; ar. 
18 (Mar. 18 | Mar. 22| 30.3 | Mar. 19. 
rani 
17 | Mar. 17 | Mar. 19 | 29.1 Mar. 18, 
‘otomac: 
Hancock, Md_-_- 32 47.6 Do. 
Harpers Ferry, W. Va 18 | Mar. 18 | Mar. 36.5 | Mar. 19. 
Sycamore Island, Md-..........-...- 11 |.-.do....| Mar. 21} 25 Do. 
Buchanan, 17 | Mar. 17 | Mar. 19 | 28.0} Mar. 18. 
18 | Mar. 18 |_..do....| 24.7 Do. 
Mar. Mar. 1] 10.2] Mar.1. 
Mar. 13 | Mar. 13 | 10.2 | Mar. 13. 
10 |{Mar. 17 | Mar. 31 | 35.8 | Mar. 19. 
Apr. 3] Apr. 10.5] Apr. 4 
pl 6 ad 15 17.1 | Apr. 8. 
8 | Mar. 18 ar. 23 | 26.5 | Mar. 20. 
an: 
11 Mar. 18 | 12.7 | Mar. 18. 
13 |_..do_._.| Mar. 20] 16.3 | Mar. 20. 
oke: 
.-do....| Mar. 21 | 29.1 | Mar. 19. 
Randolph, ------------------- 18 Apr. | 10.5 | Apr. 8. 
ar. 1 ar. ar. 21. 
Weldon, N. 31 7| Apr 18] 38.1 | Apr. 
Mar. 1 ar. ar. 1. 
Williamston, N. 10 17 Apr. 24] 14.0| Mar. 25. 
Creek: Enfield, N. C_....-.--. 14| Apr. 8| Apr. 10} 14.9 | Apr.9, 10. 
‘ar: 
Mar. 18 | Mar. 22 9.4 | Mar. 22. 
Rocky Mount, N. 8 Apr. | Apr. 12) 11-1 | Apr. 
Tarboro, N. C 18 {x ar. 22 er. 24] 18.5 | Mar. 23. 
ar. ar. ‘ ar. 
Greenville, N. 13 {Apr 8| Apr. 18| Apr 14. 
ar. 18 ar. 23 18.1 ar. 20. 
Weuse, 14 |{Mar. 29 | Mar. 230 | 16.9 | Mar, 29. 
Apr. 4] Apr. 13 19.6 | Apr. 9. 
Mar. 18 ar. 24 | 17.5 | Mar.23 
Smithfield, N. C-. 13 |;Mar. 31 | Mar. 31 | 13.4 | Mar. 31. 
3] Apr. 15 | 20.7 | Apr. 9. 
Mar. 18 ar.19} 25.8 ar. 18. 
Haw: Moncure, N. 20 };Apr. 3] Apr. 3] 21.2] Apr. 3. 
Apr. 7] Apr. 10] 29.0] Apr. 7. 
Cape Fear: 
Apr. 7] Apr. 12| 54.9) Apr. 8. 
ar. 18 ar. 24} 30.8 ar. 20. 
Lock No. 2 Elizabethtown N.C..| 20 /{Mar. 29| Apr. 26.4} Mar. 30. 
Apr. 4] Apr. 16| 34.8] Apr. 10. 
Lynches: Effingham §. Apr 8] Apr. 17| 18.6] Apr. 12 
Conway 8. C......-....- 7| Apr. 14| Apr. 25] 9.3] Apr. 18, 19. 
Peedee: 
Mar 33| Mar 
ar. ar. ; ar. 29. 
Cheraw S. 30 Apr. 3| Apr. 37.2 | Apr. 3. 
Apr. 7 12| 42.8] Apr. 
Mars Bluff Bridge 8. C.-.....---- 17 ee. Apr. i. 
Poston 8, C...- 18! Mar. 24! Apr. 23! 27.8) Apr. 13 


1 Subject to correction when high water marks are tied in by leveling. 
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Table of flood stages in March and April 1936—Continued Table of flood stages in March and April 1936—Continued 
stages: —' Crest Above stages—| Crest 
River and station yey Rivor and station _— 
From— To— | Stage Date From— To— Stage Date 

ATLANTIC SLOPE DRAINAGE—Con. MISSISSIPPI SYSTEM 
Black: Kingstree 8. C_.....-...-.-..- 12| Apr. 4} Apr. 17} 13.1 Do. Upper Mississippi Basin 
Saluda: Feet Feet 

6 28 | Mar. 30 Mar. 28. Minnesota: Mankato, 19 | Mar. 22 | Mar. 24| 20.2 | Mar. 23. 

Apr. 2| Apr. 13| 28.6| Apr. 8. Wisconsin: 
Columbia 8. 8 13.9 0. Knowlton, 12 | Mar. 24 | Mar. 26/ 17.2) Mar. 24. 
d: Blairs 8.C 14 27| Mar. 30; 18.4] Mar.29. Portage, 17 | Mar. 20 | Mar. 30| 17.6 | Mar. 29. 
Broad: Apr. 2] Apr. ll | 33.8 Ape. Iowa: Wapello 10 | Mar. 15 | Mar. 20| 11.6 Mar. 1, 18. 
Congaree: Columbia 8. C_...........- 19|_..do.. | Apr. 12] 33.3 Raccoon: Van Meter, 13 | Mar. Mar. 6| Mar 
A 3 13.0 | Apr. 2. Des Moines M 5| 143 Do 
pr. ar ar. . 4 
Catawba N. 10 (Ape 6| Apr 6| 17.7| Apr.6. Tracy, Iowa. 4 {Mar 12| Mar. 12| 14.0 | Mar. 12. 
ar. 28 ar. 28; 12.1 ar. 28. WE, 9 | Mar. 4 ar. 6 9.5 | Mar. 6. 

Gr 11 }Apr. 2] Apr. 3] 16.0] Apr. 3. 

Ape. 7 Ape. 10| 25.0 7. 13 | Feb. 25 | Mar. 1 14.5 | Feb. 27 

Wateree: Camden 8. C B { ar. 29 ar. 29] 25.0) Mar. 29. Porn, 17 | Feb. 26} Mar. 8| 21.7 Feb. 28. 

eb. ar. ar. 3, 
Feb. 5| Mar. 1| 17.1] Feb. 10. Beardstown, 14| Feb. 28| Mar. 24| 19.8 | Mar.4,5. 

Rimini, 8. C 12 Mar. 6| Mar. 7} 12.1 | Mar. 6, 7. Mississippi: 

Mar. Mar. 15| 13.0} Mar. 14 8 | Mar. 24] Apr. 10.9 | Mar. 30. 
Mar. 18 | May 33.0| Apr. 10. 11.9 | Apr. 20. 
Ferguson, 12 392. 6 ar. 9| 14.8) Jan. 26. 12| Apr. 9] Apr. 12/ 12.3] Apr. 9. 
Ga. 15 {Aor H Hannibal, 13 {Kpe ioe. is ine ion 12 
Broad: Carlton, - Apr. 6| Apr. 8/7280] Apr. 7. 
Savanna a0 do ne Missouri Basin 
Calhoun Falls, 8. 0. 
A Ga 32 \{Apr. 2) Apr. 34.7 | Apr. 3. Big Sioux: Akron, 12 | Mar. 5| Mar. 16| 18.7 | Mar, 12. 
ugusta, Apr 6 Ape. li} 412] Apr. 8. Floyd: Merrill, lowe. 13 | Mar. Mar. 11| 14.5 | Mar. 10. 
Ellent 8.c 14 ar. 19 ar. = 16.0 ar. 21. Platte: Ashland, Nebr............-...-.. 7) Mar. 5| Mar. 5 7.4 | Mar. 5. 
Mar. 24| Apr. 28| 36.9 | Apr. 9. Missouri: Nebraska City, 15 | Mar. 6| Mar. 7| 15.2] Mar. 6. 
Clyo, Ga. ..| 13] Mar. 31 26.0] Apr. 13. dite 
hee: hio Basin 

Midvi 6| Apr. Apr. 16 9.1 | Apr. 11. 

7| Apr. 3| Apr. 23| 12.8| Apr. 14. Cresk: Johnstown, Pa.......... 15 | Mar. 17 | Mar. 18 | 30.2 | Mar. 17 
Ocmulgee Saltsburg, Pa......-.--. 8 |..-do....|...do....| 33.1 | Mar. 18 

M 18| Apr. Apr. 11 | 25.1] Apr. 9. 

Hawkinsville, Ga.......-.-........ 25| Apr. 6/ Apr. 33.0) Apr. 12. 12 ar. 19 | Mar. 20} 12.8] Mar. 19. 

Abbeville, Ga del Bisse. Bi Mar. 28 | Mar. 28| 12.8 Mar. 

Milled Ga 22] Apr. 2] Apr. 36.8] Apr. 10. Mar. 12 | Mar. 13 | 26.7 | Mar. 12. 
“| Apr. 6| Apr. 17| Apr. 12. Lock No. 8, Mosgrove, Pa.......-- {Mat 17 | Mar. 19 | $7.6 | Mar. 18 

Itamaha: ar. ar ar. 
Ga 12 1| Mar. 2} 12.9} Mar. 1. Mar. 12 | Mar. 14 | 28.5) Mar. 12 
hariotte, [ABE APE. 27) 22.9) Apr. 16. Lock No. 5, Schenley, })Mar. 17 | Mar. 20 | $8.7 | Mar. 18. 
Doctortown, 4 ar. ar ar. 
Mar. 12 Mar. 14| 26.8 | Mar. 12. 
EAST GULF OF MEXICO DRAINAGE Lock No. 4, Natrona, Pa-........-. 24 |{Mar. 17 | Mar. 20| 43.6 | Mar. 18. 
Mar. 26 | Mar. 29; 26.3 | Mar. 28. 
hattahoochee: Mar. 12 | Mar. 13 | 26.7 | Mar. 13. 

West Point, Ga- 19| Apr. Apr. 11| 22.4/ Apr. 8. Lock No. 3, Acmetonia, Pa......_. 25 17 | Mar. 20; 45.2 | Mar. 

Fufaula, Ala 40 Apr. au. Mar. 28 | Mar. 26.3 | Mar. 28. 

Columbia, Als....................- pr pr. Tygart: 

Montezuma, 20 ul 13 | 22.8] Apr. 12. Philippi, W. 20 |\Mar. 24 | Mar. 25 | Mar. 24,25 

Albany, Ga 20; Apr. 7/| Apr. 18| 20.4) Apr. 15. Youghiogheny: 
Bainbridge, Ga. 25 | Apr. 11 | Apr. 31.0 | Apr. 17. ville, 4 Mar. 17 | Mar. 18 Bigs. 38. 

River Junction, Fla... 2 | Mar. Mar. 12. 15, Hoult, W. V 22 |f__do do 25.8 | Mar. 17, 18 

ar. ar. ar. i, 0. 

Blountstown, 15 |\Mar. 27 | Apr. 30| 23.6 | Apr. 15. Mar. 24 | Mar. 25 | 27.2| Mar. 
Caryville, 13 | Ape. 18 | Ape. 18) Ape. 18. Lock No. 10, Morgantown, W.Va_.| 25 = = 

Resaca, 22 | Apr. Apr. 11 | 30.9) Apr. 3. Mar. 17 | Mar. 19| 40.4 . 18. 

Rome, Ga-_-.. 25 12 Lock No. 7, Greensboro, Pa... .... 30 Mee. Mer. Mar 

Mayos Bar Lock, 28 Apr. 2) Apr. 13| 36.9) Apr. 8. 20 | Mar. 17} Mar. 19| 288! Mar. 18. 

10. 4 ar. ar. 1. 
45 Aue. 7 ibe. 14 50.6 Apr. 9. ‘Tuscarawas: Coshocton, ll (Mar: 24 | Mar. 2 13.8 | Mar. 26. 
Tallapoosa: Milstead, = No.7 Obio.| 22| Mar.1 | Mar. 1| 221) Mar.1 
Centerville, Abr. 9| 288 Apr. Lock No. 3, Lowell, Ohio.......... 2 | Mar. 20 | Mar. 22) 98.2) Mar. 21 

a: ar. ar. 

Montgomery, 35| Apr. Apr. 18| 51.5 | Apr. 11. Lock No. 1, Marietta, 35 (Mar: 25| Mar. 30| 40.4/| Mar. 28. 
45 | Apr. 9/| Apr. 19| 52.2/ Apr. 14. Little Kanawha: 

Millers 40, A 7 | Apr. 23 | 52.0) Apr. 16. Mar. 17 | Mar. 18 | 247 Mar. 17. 
Black Warrior: Lock Wo. gg Apr 61.3 | Apr Glenville, W. 23 | Mar. 24 | Mar. 25| 248 | Mar. 25. 
a, A Apr. 10} Apr. 11 | 49.5 Apr. 10. Ap. 

‘ombi ar. 1 q ar. 

Aberdeen, 34 |...do....| Apr. 12] 36.3 Apr. 11. 20 {Mar 25 | Mar. 25| 20.3 | Mar. 25. 

No. Demapella, Als... 39 1| Apr. 20; 51.6 | Apr. 12. Apr. Apr. 7| 21.9) Apr. 6. 
Lock No. 31 | Apr. 3 | Apr. 4) 37.1) Apr. 13-18. Sum W. Va.....-.-- 10 24 Mar. 28 | 14.7 | Mar. 26 
: ar. ar. ar. 1. ar. 18.8 ar. 
Pesrl: Pearl River, (ater 13 | Apr. 16 | Apr. 14. Elk: Clay, W. Va. 18 (Mar: 25 | Mar. 23.1 | Mar. 25. 
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Table of flood stages in March and April 1936—Continued Table of flood stages in March and April 1936—Continued 
Above pared stages—| Crest Above flood stages— Crest 
River and station _— River and station Food 
From— To— | Stage Date From— | To— | Stage Date 
MISSISSIPPI SYSTEM—continued MISSISSIPPI SYSTEM—Ccontinued 
Ohio Basin—Continued Ohio Basin—continued 
et 
Circleville, Ohio.........-..-.----- 14| Mar. 25|...do.-..| 15.5 Do Dam No. 6, Beaver, Pa.....------- 30 (Mar. 2 Mar. 29) 37.7 Mar. 28 
Barren: Bowling Green, Ky-...-.----- 20 ae Dam No. 12, near Wheeling, W.Va} 36 |{Xrar’ | Mar. 23 20.6 Mar. 
Green: A ar. 19. 
og |(Mar. 27 | Mar. 30 | 29.4 | Mar. 29 Dam No. 13, near Wheeling, W.Va| 45 | Mar. 18 | Mar. 21 | | Mar. 
o. 6, Brownsville, Ky. Apr. | Apr. 18] 20.5 | Apr. 11 (Mar. 18 | Mar. 24| 480 | Mar. 20. 
Lock No. 4, Woodbury, Ky 27 | Mar. 1 | 30-2) Mar. 20 Mar. 25 | Mar. 90 | 40.3 | Mar. 2. 
4 3 . 12. ar. ar. ar. 21. 
wee NO, Rumsey, 34 | 2 | Abr. 21 | 40.8 | Apr. 15, 16. Dam No. 19, Little Hocking, Ohio} 40 25 | Mar. 29 43.1 | Mar. 28 
est Fork— te River: ar. 21. 
Anderson, Ind [afar ma. | 9.4] W.Va) ar, 10 | Mar. 3 | Mar. 
pr. pr. pr. 7. ar. A ar. 21. 
Elliston, Ind..........-..---------- 18 | do. Apr. 7| 120) | Do. Dam No. 22, Ravenswood, W.Va..| 44 {Sar 2 Mar. 29 44.9 | Mar. 28 
Ind. 12 7| Apr. 11| 15.9| Apr. 9. Dam No. 25,near Addison, Ohio..) 43 tape. Ape 44.9 | Apr. 
16 |{Mar. 28 | Apr. 17-0 | Mar. 90,31. Point W. 40 7 Apr. | 42.2) Apr. 
Apr. 10} Apr. 12| 16.7 ll. Dam No. 26, Chambersburg Ohio..| 50 ar. 19 ar. 31 | 61.2 ar. 23. 
Hazleton, Ind 16 { ar. 28} Apr. 2] 17.7 ar. 31. Dam No. 28, Huntington, W. Va__- 50 | Mar. a 58. 6 Do. 
Wabedh: Lafayette, 11 | "Mes. 26 | Mar. 26) 126 | Mar. 26 Dem: No. 29, Ashland, | | Apres 
River, 18| Mar. 25| Mar. 25| 19.2| Mar. 25. Mar. 20 | Apr. 1 | 620| Mar. 23, 
Cumberland: Dam No. 30, Greenup, Ky--------- 52 Apr. Apr. 10 $3.6 Ape. 
Williamsburg, Ky- ---.------------ Mar. 27| 20.6) Mar. 25. ar. pr. ar. . 
Mar. i9| Mar. 20| 29.5| Mar. 19. Portsmouth, Ohio. -.-------------- £0 Apr. 10| 51.5} Apr. 9. 
40 28 | Mar. 30| 44.2| Mar. 20. Dam No. 33, Maysville, Ky-------- Apr. 8 | Apr. 11) 523 | Apr. 9. 
| Dam No.35, New Richmond, Ohio.| 48 {Mar- 21) Ar. 2) | 
40 | Apr. Apri. Dam No. 98, Brent, K so |{Mar. 21 | Apr. 2| 00.4 Mar. 28. 
ar. 28| Apr. 4| 48.2) Apr. 2. am No. Drent, | Apr. 11] 53.6 Apr. 10. 
Clarksville, 46 10 | Apr. 16 49.2) Apr. 13. Cincinnati, Obi 52 Mar. 21 | Apr. 3 60.6 ar. 28. 
Temi. Apr. | | Ape? Dam No. 37, Fernbank, Ohio_-.--- Apr. 12} 53.2 Apr. 10. 
ar. 27 | Mar. 28| 12.6 ar. Dam No. 38, Grant, Ky .......---- 51 { ar. 22} Apr. 3} 59.1 ar. 28. 
Pigeon: Newport, 6 \{Apr. 2} Apr. 2] 10.8} Apr. 2. Apr. 9 
French Broad: Dam No. 39, Markland, Ind_------ 48 VApr. jo | Abr. 12| 486 Ape. 
an, N.C 8 |..-do....- Apr. 6| 8&8] Do. Dam No. 41, Louisville, Ky.: 
Mar. 26 ar. 28 6.7 | Mar. 26. Upper Gage 28 ay 23; Apr. 4| 36.6 | Mar. 29,30. 
Marshall, N. C.....--------------- 10 ri Low-water 51 Apr. 14] 547 Apr. 12. 
Hot Springs, N. C.----.----------- 14 |...do_.... oS “eae 14.2 Do. Dam No. 43, Evans Landing, Ind..| 57 ar. 24| Apr. 4] 64.3 ar. 30. 
id N (Apr. 2| Apr. 4] 10.8] Apr. 2 Apr. 10| Apr. 14| 59.5 | Apr. 12. 
Oldtown (near Newport), Tenn] Habe. ape. 30] 123] Dam No. Mar. Abr. 16 | | Mar. 30. 
ar. ar. 15.1 ar. am NO. 40, ar. 
Dandridge, 12 |{Apr. 2] Apr. 3] 13.3] Apr. 2. Dam No. 46, Owensboro, Ky WE 41 | Mar. 25 |---do-..--. 45.1 | Mar. 31. 
6 16.4] Apr. 6. Dam No. 47, Newburgh, Ind--..-- 38 | Mar. 22| Apr. 19 | 46.7 Do. 
ar. 28 | Mar. 28| 20.8 | Mar. 28. Evansville, Ind.........-..-------- 35 |...do-.... Apr. 44.4| Do. 
Little Tennessee: McGhee, Tenn------ 18 3] Apr. 3] 18.2] Apr. 3. Dam No. 48, Henderson, Ky-.--.--| 38 | Mar. 23 |---do-.--. 46.7 | Apr. 1. 
Apr. 7| Apr. 7] 24.0) Apr.7 Dam No. 49, Uniontown, Ky------ 37 | Mar. 25 ie. 22 > : > 
Hiwassee: Charleston, Tenn.--...------ 22 am. Dam No. 50, Fords Ferry, Ky----- 34 (Mar. 50.1 6. 
Tennessee: Dam No. 51, Golconda, Ill_......-- 40 | Mar. 28 | Apr. 22} 47.8 | Apr. 6. 
Knoxville, Tenn |fMar. 26 | Mar. 29] 23.8 | Mar. 28. Paducah, 39 | Mar. 27| Apr. 23| 49.1 | Apr. 16. 
Apr. 7| Apr. 8| 21.7] Apr. 7. Dam No. 52, Brookport, 37 | Mar. 26| Apr. 24] 50.9 Apr. 15, 16, 
Loudon, Tenn 2 ar. 27 | Mar. 29| 25.8 ar. 28. Dam No. 53, Mound City, 42 | Mar. 25 | Apr. 25 | 55.3 0. 
ar. ar. ° ar. le 
Pr. Black: Black Rock, Ark 14| Apr. 6| Apr. 7| 16.4 | Apr. 6. 
30 |{Mar. 29 Mat. 31} 31.9 Mar. 30. Big Lake Outlet: Manila, 10| Apr. 11 | Apr. 18| 10.8] Apr. 14, 15. 
Apr. Apr. 10 30. 3 Apr. 9. liahateie: Swan Lake, Miss..------ 26 | Apr. 6 | Apr. 21| 27.6| Apr. 13. 
ar. . 30. ppi: 
Widows Bar Lock, Ala.: New M id, Mo. 34 | Mar. 28 | Apr. 25| 41.4 | Apr. 13-18. 
Upper Gage... .--------------- 17 | Mar. 26| Apr. 13 | 26.9 | Mar. 30. 34| Apr. 5| Apr. 28 | 39.3 | Apr. 22. 
Lower Gage... 26 do-..-... 34.9 Do. 44| Apr. 7| Apr. 30| 50.6 | Apr. 22-24. 
Guntersville, Ala_......----------- 25 | Mar. 27| Apr. 14| 35.5 | Apr. 2. kansas City, 41.4 | Apr. 27, 28. 
Decstur, 20 | Mar. 31 | Apr. 18 | 22.5 Apr. 3. 
Florence, Ala.....-...------------- 18 | Mar. 30} Apr. 15} 24.4] Apr. 6. GULF OF CALIFORNIA DRAINAGE 
Riverton Lock, Ala 33 | Mar. 28| Apr. 18| 47.7 | Apr.7 
ohnsonville, Tenn. -....-.--------- r. r. pr pr. 
Ohio: Mar. 12| Mar. 13) 25.8 Mar. 13. Gunnison: Delta, Colo.--------------- 9 {are 27 | Apr. 27| 9.0 | Apr. 27 
ar. ar. ar. 
Pittsburgh, 25 25 | Mar. 29| 30.6 | Mar. 26. PACIFIC SLOPE DRAINAGE 
Ape. 7) Ape. 7| 268 | Columbia Basin 
Dam No. 2, Coraopolis, Pa-.------ 26 | Mar. 17 | Mar. 20 ty Mar. 26. Clearwater: Kamiah, Idaho....-...---- 12| Apr. 17| Apr. 26| 13.6 | Apr. 24. 


af 

3 Estimated. 
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WEATHER ON THE ATLANTIC AND PACIFIC OCEANS 


[The Marine Division, I, R. TANNEHILL in charge] 


NORTH ATLANTIC OCEAN, APRIL 1936 
By H. C. Hunter 


Atmospheric pressure.—There were marked fluctuations 
of pressure over most parts of the North Atlantic duri 
April. On the average, pressure considerably exceede 
normal over the northeastern portion, and it slightly 
exceeded normal in most waters near the American coast 
and eastward to well beyond Newfoundland and Bermuda, 
the excess here being of greater amount around latitudes 
30° to 35° than either to northward or to southward. 
Near the Azores and to eastward and southeastward, 
pressure averaged a trifle less than normal. 

The extremes of pressure so far reported are 30.74 and 
28.87 inches. The higher was noted on two liners, the 
British Empress of Australia and the German Hamburg, 
at about latitude 45° N., longitude 48° W., during the 
forenoon of the 29th. The lower was recorded at a late 
hour of the 8th on the U. S. cutter Champlain, on ice 
patrol duty, near 49° N., 52° W. 


TABLE 1.— Averages, departures, and extremes of atmospheric pressure 
(sea level) at selected stations for the North Atlantic Ocean and its 
shores, April 1936 


Average | Depar- 
Station pressure tare Highest | Date | Lowest) Date 
Inches Inch Inches Inches 

Julianehaab, Greenland 30. 39 15 | 29.02 9 
Reykjavik, iceland........-.---- 29.94) 40.14} 30.52} 13] 25 
Lerwick, Shetland Islands- 29. 93 +. 13 30. 29 5 | 29.45 25 
Valencia, Ireland...............- 30. 01 +.12 30. 51 29; 29.30 21 
Lisbon, 29. —.03| 30.32} 21| 14 
30. 01 .00 30. 34 21 29. 57 6 
H 30. 13 —.02 30. 53 29; 29.51 2 
Belle Isle, Newfoundland - ---.-- 29. 86 +. 03 30. 52 6| 2.18 1 
Halifax, Nova Scotia_.........-- 29. 95 +. 02 30. 48 23 | 29.32 8 
30. 00 +. 03 30. 53 9} 29.32 2 
30. 08 +. 07 30. 52 9} 29.49 2 

30.14 +. 05 30. 40 9 29.88 13,19 
30. 03 +. 01 30. 17 9 | 20.94} 17,18 
Weta 30. 04 02 30. 24 4| 29.84 2 
Now 30. 06 06 30. 41 3 | 29.63 1 
Norte.—All data based on a. m. observations only, with departures compiled from best 
available normals related to time of observation, except Hatteras, Key West, Nantucket, 


and New Orleans which are 24-hour corrected means. 


Cyclones and activity was considerable 
in many parts of the North Atlantic area at scattered 
times, the periods from 6th to 10th and from 20th to 27th 
being the more noteworthy, while the last 3 days were 
particularly quiet. No instance of force-12 wind has been 
reported. 

On the morning of the 6th a low-pressure system ex- 
tended from western Greenland across the lower Lake 


region to the west Gulf of Mexico, and in the last named 
area some sharp shifts of wind were experienced. This 
system moved eastward, and the situations on the 8th 
and 9th are indicated on charts IX and X. A well- 
marked cyclone was near Newfoundland on these days, 
and two vessels noted storm winds (force 11). 

To westward and southwestward of the Iberian penin- 
sula there was a notable Low on the 14th and 15th, causing 
winds of greater force than are often met in those waters. 
This Low, however, soon passed northeastward over 
Spain and France. 

From the 21st to 27th there was considerable stormi- 
ness along parts of the chief steamship route to northern 
Europe, and at times strong to whole gales were met not 
pt along the routes but to southward of them west 
of the 50th meridian, even to near the latitude of Bermuda. 
Two well-marked cyclones were associated with most of 
the gales, the preceding cyclone moving northeastward 
past Iceland on the 25th, about the time the following 
cyclone was close to eastern Newfoundland. Once on 

e 23d, and once on the 26th, force 11 was noted near 
the eastern edge of the Grand Banks. 

Fog.—Over waters to westward of the 45th meridian, 
fog during April was as frequent as usual, for the most part 
or somewhat more frequent. There was a little fog noted 
over the northern Gulf of Mexico at times, chiefly during 
the first few days of the month. Near the middle At- 
lantic coast there was* more fog than normal for April, 
most of it occurring before the middle of the month; the 
fog here was especially dense and widespread about the 
10th, when the fishing schooner Thelma was sunk by 
collision with the Danish steamship Elf, off the New Jer- 
sey coast, fortunately without loss of life. There was less 
fog than April usually brings over waters to the eastward 
of New England, about as far as meridian 60°; but from 
60° to 45° there was an unusually large amount of fog, 
the 5°-square 45° to 50° N., 45° to 50° W. reporting fog 
on 14 days, the greatest amount indicated for any Atlantic 
area during the month. From the 13th to 25th scarcely 
any day was without fog. 

About 300 miles to east-southeastward of Bermuda, 
where fog is decidedly uncommon, two vessels noted it 
on the 3d. 

Between the 45th meridian and the coasts of the 
European continent and the British Isles fog was decidedly 
infrequent, most of the few reports received relating to 
the first 3 days of April. 


t 
> 
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OCEAN GALES AND STORMS, APRIL 1936 
Voyage at time of Tene ef Lew. 
west barometer n force n 
Gale | lowest | Gale | gst | wind | of wind at | wind | and high- | Shifts of wind 
essel began barometer when time of when | est force >i 
April ‘April April | rom- gale lowest gale of est barometer 
From— To— Latitude | Longitude eter began | barometer | ended 
NORTH ATLANTIC 
OCEAN 
or Inches 
Topa Topa, Am. 8. S__.| Mobile......... Liverpool. 45 30 N./| 41 30 W. 129 | 4a, 1...... 1 | 29.23 | WNW | NW, 8....| NNW.| NNW,19.) None. 
Burgerdijk, Du. 8. S....| New Orleans...| 26 24.N.| 85 54 W. 1 | 4a, 2...... 2 | 29.69 | SSE... 8, SSE, SSE-SSW. 
Yankee Arrow, Am.§.8--| Boston......... Beaumont. .... 32 50 N.| 73 54 W. 2| Noon,2.-| 29.77| SW...-| SW, W.....-| W, 8..... -W. 
Eastern Sun, Am, M.8-.| Marcus Hook..| Port Arthur-....| 34 06 N. | 75 28 W. 3 | 29.66 | SW....| SW, 6..... NW... sw 9....| SW-NW. 
Gulfwing, Am. 8. Philadelphia._.| Las Piedras._..| 35 30 N. | 73 40 W. 4 | 29.64 OW, NW... WN SW-NW. 
Lekhaven, Du. 8. 8.....| Antwerp....... Wisacten, 243 41 N. | 20 16 W. 4] 4p, 2..... 6 29.39 | NNW. WNW, 3..| NNE..; NNW,10.| N-W. 
West Irmo, Am. 8. 8_..- 6 54 N. | 67 30 W. 3 | 3p, 3.--.. 4 | 29.48 | SSW__.| SSW, 8..... WNW | SW, 9__..| SSW-NW. 
Ary Lensen, Br. M. 8- -| 10 53 N. | 79 05 W. GT @ Bicscu 10 | 30.02 | NNE NNE, 6...| ENE..| ENE, 9..| NNE-ENE. 
Imlay, Am. 8, 8 222 48 N.| 95 37 W. @ 7 | 29.58 | WNW_| 8S, NNE, 7-. S-WNW 
Paris, Fr. 8. 8 40 50N./6810W.| 7 8p,7.....| | 29.57 | SE.....| SSW, 7...] WNW.| SW, 
Beemsterdijk, Du. 8. 8..] 4145N.| 6340 W.} 10,8... 8 | 29.45 | wsw _| sw, 7.....| WNW_| W, 
Amapala, Hond. 8, 8....| New York..-.. Santiago, Cuba |?20 00 N. | 74 15 W. 7 | 4a, 8..... None. 
Tennessee, Dan. 8. S_...|. Drammen-.._... Portland,Maine} 43 40 N. | 57 36 W. 8 | 8a, 8.....-. 9 | 29.52 | WSW.. Wsw, 9..| NW... WsW,io- 
Mahsud, br. Cardiff......... Philadelphia___| 38 47 N. | 55 20 W. 8 | 4p, 8 | 29.86 | SW....| SW, NW...| SW, SW-NW 
Virginia, Am. 8. Port Arthur_...| Portland,Maine} 28 30N. | 91 15 W. 8 8 | 29.98 | NE.._.| NE, SW_...| NE, 8._..| NE-SW 
Champlain, U. 8. G_2--- On ice patrol | from St. Johns.| 49 03 N. | 52 07 W. 8 | Op, 8... 9 | 23.87 | NW...| NW, 7...-| W...._. NW, li..| SSW-NW 
out 
Braheholm, Swed. 8. Newcastle_.._.- Portland,Maine| 47 49N. | 49 48 W. 8 | Mdt., 9 | 29.17 | WSW, —.| NW_..| NW, 11_.| WSW-NW. 
American Trader, Am. | London.......- Boston......... 45 30 N. | 42 00 W. 8 | 4a, 9... 9 | 29.52 | W, NNW.| WNW, ssw-w. 
a Ariadne, Du. 8. 8.....-- Amsterdam....| Santo Domingo] 39 02N. | 39 10 W. 9] 4p,10....| 10 | 30.06 
~ Exporter, Am. 8. Gibraltar....... New York....-| 35 48N. | 25 58 W. 10 | Madt., 10. 29. 74 
Pras, 4m. §. 6......... 35 29N. | 10 46W. 14 | 7a, 15 | 29. 50 
Athelsultan, Br. M. 38 9 12 W. 14 | 14 | 29.60 
Wellfield, Br. M. S.....-| H 38 50N. | 47 22W. 15 | Mdt., 15-| 17 | 29.76 
Fernlane, Nor. M. 8...-- 38 25N. | 47 30W. 15 | 4p, 17...- 17 | 29.78 
Exporter, Am. 5, 8...... 36 10N. | 59 04 W. 20 | 8a, 19_...- 20 | 29.85 
Kinai Maru, Jap. M. 8. 15 47N. | 76 05 W. 2D | Mh, Shwe 22 | 29.98 
Tetele, Br. 8......-.... 49 OON. | 10 05 W. 21 | 8p, 21..-- 22 | 29.36 
Exporter, Am. 8. 8....-- 38 10N. | 69 17 W. 2a, 22..... 22 | 29.86 
Fernlane, Nor. M. 8-.-... 38 30N. | 65 14 W. 21 | 8a, 22....-. 22 | 29.92 
Chesapeake, Br. M. 8__. 54 OON. | 13 45 W. 22 | 4a, 23..... 23 | 29.45 
Scanmail, Am. 8, 8.....-. 48 54N. | 42 48 W. 23 | 9p, 23...- 24 | 29.32 
Chinese Prince, Br. M. 8. 39 18N. | 50 23 W. 25 | 2p, 25.... 25 | 29. 60 
Pto. Cortez....| 42 18N. | 17 55 W. 25 | 2a, 26....- 27 | 29.72 
Pontchartrain, U. 8. Onicepatrolout} from Halifax...| 48 20N. | 48 22 W. 25 |...do.....- 26 | 29.00 
Breedijk, Du. 8. 8.....-- Rotterdam.--_. New 44 14N. | 37 0OW. 26 | 8a, 26_.... 27 | 29.69 | 8, 8.......| WNW_| WSW,10.| SSE-W. 
Sarcoxie, Am. 8. S_-.....- 47 30N. | 28 30 W. 26 | 10p, 27 | 30.01 | SSW, 9-...| NW__..| SSW, SSW-WSW. 
Satartia, Am. 8, S8.......| Ceara, Brazil...; Boston......... 33 16N. | 66 52 W. 26 | 2a, 27..... 27 | 30.11 | WSW-.| N, NNE.. wsw, 9.| WSW-NNE. 
Washington, Am. 8. 8...) New 48 48 N. | 28 35 W. 26 | 4a, 27_-... 27 | 29.94 | 8....... Wsw, W, 10....| SW-W. 
NORTH PACIFIC 
OCEAN 
Athelchief, Br. M. 8...-| Yokohama..... San Francisco._| 43 15N.| 162 47E. 131 | 6a, 3 | 2.78) WSW-_.| WSW,11_.| NNW.| SSW,12..| SSW-WNW. 
Aden Maru. Jap. S. Manila......... Los Angeles....| 38 17N. | 136 00 W. 3p, 5 | 29.40 | SE..... WNW, ... NNW.| WNW,8.| WSW-WNW. 
Nichiyo Maru, Jap.M.S| Los Angeles....| Yokohama--.-- 34 34.N./ 171 OOF. 1 | 4p, 2] 29.85 | WNW. 
Tricolor, Nor. M. Yokohama. San Francisco..| 41 36N.| 156 36E. 2| 10p, 2.-.- 3 | 29.77| WNW-_| WNW,9..| W____- WNW, 10) None. 
Makua, Am. Abukini, T. do... 36 O01 N. | 129 21 W. > 4 | 29.60 W._.| SW,6..... NW...| NW,9.-- 
Birchbank, Br. M. 8..-.| Dairen._.....-- Los Angeles....| 33 51 N. | 125 13 E. 3 | 4p, 4| 29.76) WNW. WNW,38.. NW... WwW, -| Stea 
Nichiyo Maru, Jap. M.S} Los Angeles....| Yokohama....- 33 30N. | 157 20E. 4| Mdt., 4} 20.51 8....-... 
Rakuyo Maru, Jap. 8. 8.|___.. d 36 32N.| 168 57 W. 4] 4a, 5 | 29.36! WNW. WSW..| WNW,8.! Steady. 
Pres. Grant, Am. 8. S...| Victoria, B. C_-|...-- 48 OON. | 165 00 F. 5 | 6p, 5..... 5| 29.01 | SE..... ,9...| ESE-SW 
Pres. Jackson, Am. 8. 8..| Yokohama.....| Victoria, B. C--|239 28N. | 148 18 E. 61 4a, 6! 29.47! WNW.) WNW,8..| NNW .| WNW,9- 
of Canada, Br. Honolulu - 34 47N. | 141 12E. 10; Noon, 10- 10; 29.88 ; NE....| NE,7.....-; N_..... NE-N. 
= Toorak, Br. 6. B......c<- Tanjong Oeban| Yokohama.---- 35 12N.| 139 46 E. 12 | Noon, 13. 13 | 29.60 SE._.-- NE....| ESE,9...| ENE-NE. 
Niagara, Br. 8. 8.......- Honolulu . Vaacouver...-. 32 22N. | 147 20 W. 13 | 4p, 18... 12 | 29.983 | NNW .| NNW,9_.| NNE_.| NNW,9 None. 
Rakuyo Maru, Jap. 8. 8.| Los Angeles....| Yokohama-.--. 35 45N. 146 11 E, 14 | 6a, 14... 29.00 | SSW... NNW NW,8..-| S-NW 
Peter Maersk, Dan. M.S.| Yokohama_....| Los Angeles...-| 45 42N.| 178 50 W. 15 | 4a, 15... 15 | 29.55 ae 8-SSW 
Maliko, Am. 8S, 8........| Seattie......... Honolulu 39 40N. | 139 30 W. 15 | 5p, 15.... 29.50) WNW,8. NW...| WNW,9.| SE-WNW. 
Siantar, Du. M. Los Angeles....| 45 10N. | 164 30 W. 15 | 10p, 15... 16 | 30.03 | S__..... SSW...| 8,8....... None. 
Sangstad, Nor. M, 8..... Calatagan, P. 38 1ON. | 165 SE. 15 | 8p, 15.... 16 |? 29. 68 WNW.) W,11.-.-.| SW-WSW. 
‘Tacoma, Am. 8, Legus ly 39 20N.| 138 36W.| 8a, 16-.-.| 16 329.26) NNW NW...| WNW,8_| W-NW. 
Coes Sherman, Am, | Yokohama.--.- San Francisco. 38 30N. | 149 30 E. 17 | 10a, 17_..- 18} 29.49) W, 9. NW.-.| W,9.---- WSW-NW. 
Saparoea, Du. M. 38 42N. | 151 12E. 25 | 10a,26...- 26 | 20.51 | 8-W. 
Empress of Asia, Br. 8S. 8. B. | 43 23N. | 152 24E. 26 | lip, 26... 27 | 29.21 | SSE...) 8,8-........ Wesabe 8, 8.......| S-SW. 
. 
8a Du. M. Singapore.....-. San Francisco..| 45 42N. | 173 19 E. 29 | Lip, 29... 30 | 28.68 | S....... Fi W, 12....| S-W. 
Michigan, Am, 8. do........-| 49 15N. | 178 50 E. 29 | 6a, 30_.._. 30 | 28.43 | SSE-.... SSE, 9... sw, 10...) SE-SW. 
1 March. 


Position approximate. 
+ Barometer uncorrected. 
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NORTH PACIFIC OCEAN, APRIL 1936 


By Wiius E. Hurp 


Atmospheric general pressure situation 
over the North Pacific Ocean and adjoining coasts during 
April 1936 exhibited few departures of moment from 
normal. The Aleutian Low was developed as usual 
except in the vicinity of Kodiak, where the average pres- 
sure for the month, 29.89, was 0.14 inch above the normal. 
Off the Washington coast, pressures were also appreciably 
above normal, as they were at Midway Tsland, Anti- 
cyclonic conditions were somewhat better developed than 
normal in middle latitudes. 


TABLE 1.—Averages, departures, and extremes of atmospheric pressure 
at sea level, North Pacific Ocean, April 1936, at selected stations 


age 
Stations pres- | from Highest} Date | Lowest Date 
sure / normal 
Inches | Inch | Inches Inches 
30.08 | —0.01 | 30.76 4,5 29. 56 8 
TR . 29.79 | +.01 | 30.26 /20,21, 25 29. 20 12 
St. Paul 29.77 | —.02/| 30.26 26 28. 62 12 
Kodiak. 29.89 | +.14/ 30.36 2 29. 08 6 
29.95| —.01 | 30.36 1 29. 33 s 
Tatoosh Island 30.10 | +.10| 30.62 5 29. 70 3 
San Francisco.................. 30.06 | +.01 | 30.40 5 29. 60 3 
29.90 | +.01 | 29.98 4,8 29. 84 |2, 17,18, 23 
30.04 | —.02] 30.13 17 29. 91 28 
Midway Island. ............... 30.19 | +.07 | 30.36 19 29. 94 27 
29. 88 —.01 | 29.94 20 29. 80 
4 29.83 | +.01 | 29.92 14 29. 76 21 
BB 30. 05 15 29. 72 24, 25 
29. 93 +.01 | 30.14 13 29. 70 24 
30.00 | +.03 30.26 17 29. 60 3 
30. 20 17 29. 62 22 
1 For 14 days. 


Note.—Data based on 1 7 observation only, except those for Juneau, Tatoosh 
Island, San Francisco, and Honolulu, which are based on two observations. Departures 
are computed from best available normals related to time of observation. 

Cyclones and gales—The month was only moderately 
stormy as a whole, despite the fact that hurricane veloc- 
ities occurred locally on 3 days, and winds of force 11 on 
2 days. These high winds were experienced by ships 
within the region 38°-46° N., 160°-175° E. Scattered 

ales of force 9-10 were encountered on a few other days, 

ut the majority of the Pacific gales in April did not 
exceed force 8. 

The deepest April cyclones occurred on the first and 
last days of the month. The earlier lay to the eastward 
of the Kuril Islands and affected the western part of the 
northern sailing routes until about the 5th, during a slow 
northward passage into the Bering Sea. It was on the 
lst, however, that it acquired greatest intensity, the 
British motorship “Athelehief on that day reporting a south- 
southwest wind of hurricane force, lowest barometer 
28.78, near 43° N., 163° E. 
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In the final cyclong of the month, which Jay south of 
the western Aleutians on the 29th and 30th, pressure fell 
to unusually low values for the type, locality, and season 
of the storm. On the 29th, with a southwest hurricane 
accompanied by snow, the Dutch motorship Saparoea 
reported a barometer reading of 28.68 inches, near 46° 
N.,173° E. On the 30th the American steamer Michigan, 
with strong to whole accompanying gales, observed a 
corrected pressure of 28.48 inches, near 49° N., 179° E. 
This is the lowest reported reading of the month. 

Storminess was most widespread on the 15th and 16th. 
On these dates gales were experienced in middle latitudes 
between 150° and 175° E.; over a considerable region 
south of the Aleutians and the peninsula of Alaska; and 
in middle latitudes some 10° to 15° off the California 
coast. The heaviest winds of this midmonth period were 
of force 11, experienced by the Norwegian motorship 
Sangstad, near 38° N., 166° :. 

Cyclones covered the northwestern part of the ocean 
during the greater part of the month. Some were pro- 
gressive storms from Japanese waters, while others were 
more ee and less progressive disturbances of the 
nature of the Aleutian tow. Gales resulting from this 
continuous unsettled condition were for the most part of 
a minor nature, except during the periods previously 
mentioned. 

East of 160° west longitude no gales were reported 
except those due to disturbances originating generally 
to the northeastward of the Hawaiian Islands. These 
Lows were of brief duration except that which formed 
during the 13th near 30° N., 145° W. and, moving north- 
northeastward, entered British Columbia on the 18th. 
Local accompanying gales, force 8 to 9, occurred on the 
13th, 15th, and 16th. Within the region 35°-40° N. 
128°-150° W., local gales arising from earlier disturbed 
conditions occurred on the 2d, 4th, and 6th. 

Tehuantepecers.—M oderate gales (force 7) of the norther 
type occurred in the Gulf of Tehuantepec on the 13th 
and 18th. No other winds of equal force were reported 
as — this month to the southward of the thirtieth 

arallel. 

e Fog.—Along the northern and middle routes, fogs were 
reported on several days, but were widely scattered as to 
location and occurred on not more than 1 or 2 days in 
any locality, except in far eastern waters, where they 
were observed on 6 days, and along the American coast. 
There were two days with fog reported near Vancouver 
Island; 8 days with fog off California; and 7 with fog off 
Lower California. Off the latter two coasts, the 10th to 
12th were the most extensively f . Two small 
vessels were damaged during this seried to a result of the 
thick weather. 


a 
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CONDENSED CLIMATOLOGICAL SUMMARY 


In the following table are given for the various sections of the climatological service of the Weather Bureau the 
monthly average temperature and total rainfall; the stations reporting the highest and lowest temperatures, with 
dates of occurrence; the stations reporting the greatest and least total precipitation; and other data as indicated by 
the several headings. 

The mean temperature for each section, the highest and lowest temperatures, the average precipitation, and the 
greatest and least monthly amounts are found by using all trustworthy records available. 

The mean departures from normal temperatures and precipitation are based only on records from stations that 
have 10 or more years of observations. Of course, the number of such records is smaller than the total number of 
stations. 

Condensed climatological summary of temperature and precipitation by sections, April 1936 
{For description of tables and charts, see REVIEW, January, p. 29] 


Temperature Precipitation 
Monthly extremes Greatest monthly Least monthly 
Section 
= % = 
Station Station 3 |» Station Station 3 
of 3 o~ g 
OF...4, OF, °F. °F In. In In. In. 
62.5 | —1.1 | Greensboro.........- 93 | 113 | 3 3 || 6.80 | +2.26 | 06 1. 66 
62.6 | +2.5 lll 18 | 8 5 -14| —.45 | Pinedale. -75 | 41 00 
59.7] —1.8 | 96 | | 17 3 || 2.64 | —2.20 | Mammoth Spring...| 6.17 | 60 
56.7 | +.5 |----- 107 17 | Twin -9 1 1.59 | —.05 | Kennett............. 7.37 | 9 .00 
45.5 | +1.9 | Las Animas_._...... —20 6 .80 | —.97 | Willow 3.10 | 3 3 
70.0} +.1] Avon Park.........-. 99 35 || 2.20) —.68 | 9.28 | Cedar 
62.1 | —1.3 | Fort 15 | 21 4 || 7.92 | +4.20 | 15.21 | 1.33 
46.8 | +1.7 | 2 96 * —21 100] —.40 2. -16 
49.0 | —3.1 | 91 20 | 9 4 || 2.44] —.93 | 5.45 | 
47.8 | —4.0 | 91 28 | 15 8 || 3.17 | —.32 | 4.73 | Columbia 1,26 
45.9 | —2.8 | Corydon (near) 92 0 3 || 1.10 | —1.61 2.28 | Omaha, 
54.5 | 3 98 14 | —2 2 1.17 | —1.39 | Centralia. __........ . 08 
53.1 | —3.0 | 2stations............ 90 15 | Anchorage. 19 8 || 4.79 | +.82 Mount Sterling.....| 7.58 | 3. 25 
65.2 | —1.9 | 96 14 | 26 3 || 4.32} —.32 | 10. 00 .70 
49.8 | —2.3 | Takoma, 90 15 | Friendsville, Md_...| 4 || 2.86} —.59 | Grantsville, 4.58 | Great Falls, 1.69 
38.3 | —4.4 30 | 4 || 2.04] —.42 | 3.73 | Houghton...........- 
36.4 | —6.6 19 | —18 | 1.30] —.74 | 4.16 | 
62.4 | —2.2 15 | 5 stations............ 3 || 4.78 —. 07 . 1.63 
53.0 | —2.2 14 |} 2stations............ 9 3 || 2.45 | —1.46 -61 
41.8} —L1 19 hessman Reservoir -|—28 1 -82| —.32 
Nebraska. 47.0 | —2.2 13 | 2 —15} 1.59 -. . 36 
52.8 | +4.9 andale 15 | San -3 2 —.48 . 37 
New England_...... 41.9 | —1.8 | Waterbury, Conn...| 85 30 Lake, | 10 5 || 3.97 | +.64 . 90 
New Jersey.....---- 48.0 | —1.7 | 90| 30 | 19| 25 || 3.23} —.38 | Little 4.55 | Indian Mills......... 2.05 
New 62.0 | +.4 | San Marcial......_.- 100 12 | Lake Alice (near)...| —7 | || .31 | —.57 | Tierra Amarilla___-- 2.05 | 17 stations...........- 00 
New York........--. 42.1 | —2.1 10 || 3.45 | +.47 | Stillwater Reservoir_| 5.75 | Brockport............ 1.55 
North 56.4 | —1.4 4 || 5.59 | +2.03 | 
North 35.6 | —6.0 1§ .39 | —.87 1.52 | 
46.2 | —3.5 4 || 2.92 —.19 5.89 | Catawba 1, 52 
61.0} +.7 2 .99 | —2.36 3.82 | 
49.9 | +2.7 1 || 1.52 —.45 4.63 | Big 
Pennsylvania. 46.1 | —2.5 3.01 | —.38 5.49 | Center 1.09 
South Carolina... 59.9 | —2.4 4 || 8.27! +5.10 12. 56 | 1.96 
South Dakota... 41.6 | —4.3 3i}1> 78 3.07 | Pollock. 54 
T 56.1 | —2.6 9.63 | 1,21 
65.0 | —1.1 |..--. 5 12 || 1.69 | —1.34 | 6.35 | 2 
49.8 | +2.8 | St. 96 | 115 2 .65 | —.53 | Silver 2.81 | 
52.2 | —2.2 | Pennington Gap_-__-| 93 30 | Big 15 | 14 3.48 | +.13 | 6.24 | Sexton Shelter- 1.39 
50.9 | +2.7 | 2 stations.........._- 93 | 116 e Keechelus- ---- -7 1 || 1.11 | —1.20 | Wishkah Headworks} 4.83 | White Swan_-------- 
49.3 | —2.4 | Hastings...........-. 90 | 12] 14 3.66) +.15 6.28 | 2. 03 
38.1 | —5.5 | Lancaster..........- 77 -5 6 1.28 | —1.23 | Blair................ 3.27 | Prairie du Sac.......- 
39.9} —.2]| 88 | 20] 3stations...........- —28 | 12 || 1.13 | —.45 | Bechler River__..... 3.81 T 
13.0 | —2.0 | Dutch Harbor--_-.-- 69 25 | Allakaket..........- —44 | 20 || 1.84 +.10 | View Cove_........- 14. 84 | 3 stations............. T 
70.3) +.1 90 | 13] Kanalohuluhulu....} 39 20 || 8.95 | +.70 | Korean 46. 46 08 
75.8 | +1.1 | Mayaguez No. 95 24 | Guineo Reservoir.._| 43 6 |] 2.10 | —2.50 | -00 
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TaBLe 1.—Climatological data for Weather Bureau stations, April 1936 
{Compiled by Annie E. Small, by official authority, U. 8. Weather Bureau] 


8388 


SSSSSSSSSSSSESSSS 


SSS5 | 188 18 


: 


SSEEE 
S 
SS 
3 
anoy 
E Jed 
qujod-mep fe, 3 
Rin 
“ed } 
is 
iS 
punoa eaoqe ; Bb 
2 [eae] vos = 8 


1936 


Maine. ..}1, 
aine_.... 


M 
Concord.....-------- 


Burli 
Nort 


ville, 


New England 
Eastport 


Block Island......... 
Providence. 
Hartford_.....--.---- 


Nantucket........-.- 


Portland, 
Boston !....-.-- 


Green 


tgomery........ 
New 


PO... 


Titusville_........... 
East Gulf States 
West Gulf States 


Middle Atlantic States 


Al 


Key West..........-. 
Tam 

Apalachicola... 
Pensacola... 


New York. 
Atlantic City 

Sandy Hook.....-... 


New Haven... 


Mon 


Brownsville... 


District HI station 
| 
------| 
Baltimore...........- 
Washington. ........ 
Cape Henry.....-...| 18} 8] 30. 0) 63| 37] 4i 49) 44 370) Se. =. - 
686] 29. +. 06 —3.3 67| 28 +1.6| 13)]......| 3] 24) 3} 
Norfolk..............] 91] 80) 125) 29. +. 08 —.9 65| 34 34| 48) 43) 68 +1.5} 11] 7,315) s. 29| n. | 15] 8} 10) 12 . 
Richmond_........-.] 144} 11} 52) 29. +. 06 —2.6 64) 30 64 —.8| 10] 6,582) sw.| 31] sw.| 21) 10) 11 
Wytheville. 30 +.01 —2.9 21 10) 5,896) w. w. | 21) 6) 13) 
South Atlantic States 2 68 +1, 5.1 _ 
Asheville. .......-...}2, 253} 89] 104) 27.72) 30.08 —.6 22 61 +14 nw.| 32] nw.| 7| 6] 14) 10) 5.9) .2 
Charlotte............] 779] 63] 86] 29.24] 30.09] +. 06 —2.5 68| 29 33 63 +5.7 847| ne. | 26) sw. 8} 11) 11) 6.7) T 
Greensboro......-.--| 886) 6] 56) 29.12) 30.08]... 65| 26 47) 41) 67 788| sw.| 29) nw. 8} 12] 10) 5.9) T 
11} 50}...-.-| 30.08) + 64) 38 81 —2. 122] ne. | 34) mw.| 3) 15) 8)..-.| .0 
Raleigh. 376| 103) 146| 29.66] 30.07) + —2 68} 30 34) 50} 45] 69 +1. sw.| 28) mw.| 3] 12) 11) 7/48) .0 
Wilmington.........| 72] 73} 107] 30.02) 30.09] + | 70} 34 27| 54) 49) 70 —1. sw.| sw.| 6] 15) 6| 9) 4.7) 
48] 11] 92) 30.04) 30.09) + | 72| 39 24| 52) 72 -. 404) sw.| 28) | 25) 13) 10) 47) .0 
Columbia, 8.C_.....| 347] 67| 73] 29.70) 30.09) + 71| 32 34) 52) 45) 61 +7. 282/ se. | 21| sw.| 16) 13} 8] 9] 5.0) .0 
Augusta.............| 182] 62| 77) 29.87) 30.06) + 73| 34 5} 54) 47| 65 +4. 984| sw. | 24] w. | 16) 11) 12) 5.5) .0 
Savannah............| 65] 73] 152) 30.01/ 30.08) + +. 75| 38 35| 54) 72 650) nw.| 37) nw.| 2) 13) 6] 11) 4.7) .0 
Jacksonville.........| 43} 86] 110) 30.04) 30.09) + 78} 40 27| 60) 55) 69 -. 573| ne. | 28) w. 18} 4) 8) 3.7) .0 
Florida Peninsula 74,4) +1,3 72| —0. | 3.7 
2} 10} 64] 30.02) 30.04) 76.7) +1.0 16| 60| 66) —.3| e. n. | 12] 19] 6 5) 3.6) 
25| 124] 168} 30.05) 30,08) 74.5) +1.7 57 21} 63| 71 15} —.9| se. | 25) s. 2] 15) 11) 4/42) .0 
5| 88 30. 04) 30.08} 72. 11 47 64| 60! —1.1| e. w. | 18) 8| 4) 3.4) 
43| 5| 36) 30.03) 30. 08)....._| 44 S7|-...-.| ee. 17] 8] 
63,4) —1.3 18) +2.0 5.1 
976| 5] 53! 29.04) 30.06] +. 03 —22 30) 44| 51) 67) +6.2) nw.| 30) nw. 9 5.6) . 
79) 29.68] 30.08] +. 05 —13 34 54) 46] 62] 20| +4.0] nw.| 25/sw. | 6] 13) 7) 10) 4.8) .0 
273} 49} 58} 29.80) 30.09) +. 06 35 91 50| 8) . 
56| 149| 185) 30.02) 30.08} +. 06 —1.3 42) 25} 81| +2) se. s. 15) 8) 43) .0 
00} 11] 48] 29.30) 30.07) +. 05 —24 31} 37| 52) 46) 65) nw.| 32/s. 10} 13] 5.6) . 
57| 86) 105] 30.01] 30.07] +. 05 —.7 74| 39 50| 55| 76| s. 28) s. 1] 11} 10) 4.8) .0 
218} 92! 105] 29.83) 30.08) +. 05 74| 36 33} 67 16} +1.9| n. 20) sw. | 1) 1 16} 5.4) . 
375| 67| 92) 29.67} 30.06) +. 04 -19 74| 33 6| 54| 48| +1.9) sw. | 22/8. 6} 11) 7] 12) 5.1) .0 
247| 73} 29.80) 30.07) +.07 74| 33| 654) 47| 64] +24) 26| nw.| 1) 13) 5) 12) 6.2) .0 
76| 84) 30.01) 30.06) +, 06 —1.0 46 29} 60) 55 55) +1. se. | 2i)se. | 8} 13) 6) 11, 4.7) . 
Shreveport... .......- 9} 92 29. —-10 13 34) 54 4) 5 5 7| 10 .0 
Bentonville..........|1, 303] 12 28. -.3 4, 4 9} 10 .0 
Fort Smith..........| 457] 79 29. | 42) 49) 39) 51 2 20 9| 6 .0 
Little Rock..........| 357] 94 29. —2.3 40| 50} 55 1 1 8} 11) .0} .0 
605| 136 29. —1.2 43| 47| 58 7 28 7| 9 .0 
......| 88 29. —2.9 29| 64) 61) 80 6 22 10| 7] .0 
Corpus Christi........ 11 29. —2.2 27| 59| 78 1 2 13} 6 -0} .0 
Dallas...............] 512] 220 29. 43| 53) 42) 51 7 5 5} 8] .0 
Fort Worth.........-| 679) 92 29. —.2 | 5| 5} 4) 0} .0 
Galveston...........| 54] 106 29. —2.4 21) 61} 58} 82 1 | 28 | 13) 5 .0 
Houston.............] 138] 292 29. —2.3 6 | | 28 li] 7 .0 
Palestine__..........| 510] 64 29. —2.3 37| 46) 61 5 4 5| 9 .0 
Port Arthur.........| 34] 58 30. 12 Bes. 8 2 
San Antonio.........| 693 29. 00 Li 5 57! 40) | il 9 ‘ol 
1 Observations taken at airport. & 
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Tennessee 


Ohio Valleyand | Ft, | Ft.| Ft.| In. 
Chattanooga. ..---.--- 


Lake Region 


Lower Lake Region 


Detroit........--..-- 


Fort 


Canton........- 
Cleveland... .....--- 
Sandusky.......-.--- 


Parkersburg - 


Memphis........--.-- 


5 
ig} Bugi: e@ igs 


1 Observations taken at airport. 


|_| 
35 = 3 3 
a 
op. lor op | oF. Pj °F.) °F.) °F. 3.77, +0. 8] sw. 9} 5.1) Ti .0 
In. | In. —3.5 49} 56 10] 25) w. 12) 8} 5.0) .¢ 
sl. 3 61 670 ow. 9 8) 13) 59) .1) . 
59. 28) 46) 36) 48 61 150) 44) nw.) 5 14] 3) 13 
p6} 30. 07 57. —.8 15 3] 33 62 13 .0 
86) 29. 63) 30. — 8} 21} 39) 64 9| M357 40) s. - 13 -6) .0 
191} 29. 50) 30.09 50. 15) 6 3 35] 45 62 487 37|w. | 7 13 1.0) .0 
15} 62 31) 45) 38 16 w.| 7) 10 
52. 3) 44 62 675 31/0 6| 18 
116} 2. 59} 30.06 60} 24 37 13 3.0} 
.--~--->-- 230) 29. 16 20. 04 50.8... | | 58} 23) 40 35 67 14 36 7 2; 9} 19 ‘0 
Terre Fraute. 51} 29. 37] 30. 06 12 15} 3} 6) 21 
Columbus. .....----- 30.07 60} 33| 66 
84] 29. 42 2.55 -| 7 6 
410| 28. 65) 30.02 1.78 18 | solsw.| 3 | 
| 30.01)... —2 75) asl ssl 2. 85 22 ae 
596 30.02} .00 52) 23] 8 15] w. 15} 2] 13) 15 
03 2. 23| 36 0} 2.47 645] nw.| 34 
| E 83] 21] 33 37| 32] 73] 3.61 1. 
— = —3. 74! 50} 21} 3} 35 2. 02 nw 31) se. 14 4 
ROR 28! 1.91 8. £7] n. 3] 9 110. 
4| 28 30 75| .96 16| 8,283] n. | 44 7. 
3| 34] 30] ail 7 
4| 33} 35] 37| 74 6829] aw.| | ia] 10 | 5. 
32} 20] 6, 822) nw. nw.| 16 5| 3 4. 
7 98| 24) 31| 27| 77) 1.02 6, 965} nw.| 30 BW. 15| 5] 12 ‘ 2 
36] 47| 38) 32) 68) 2.54) 
7| 34) 37) 36 2. 65 3 
7) 25) 30) 2) 1. 
68) 0,42 7 
7 36 29 24 4 13 12 5 
29) 35] 63) 1. la 5.0} .0 
7| 33 30} 65) 2.34) —. 51 13) 4/ 13 4. 
3] 38) 42) 40 31) 1.33} —1.6 15 10 2.9) .0 
3| 37) 43) 40 61; .84| —2.0 6| 14 
42} 38) 31 —1.4 21| 10 0} .0 
3 43] 69) 3. 12} 7} 11 
3| 46| 32) 48 1.64] —1.7 15 ~.@ 
3| 38] 44| 41] 34 -13 27| 12) 9 
| 3} 42) 38) 44) 37) 6 
6 
57 9 
aol 42) 51 __.| 14 
3 37| 58 
3] 44) 37) 45 13 
3} 43 15| 10) 9 
ye 54 20} 8| 14 
3} 37) 46| 40! 30| 55 6 
3 43| 36| 64 15| 13] 10 
42} 38} 20] 50 
3 49| 35) 28) 65 | | 
5) 4) 1 
64 7 
47| 33) 26 | 13| 7 
36] 36| 57 | 12| 9) 9 
1| 37| | 
2} 30| 41/35} 28) 65 | | 
an 2 34| 61 10| 6| 14 | 
2) 29 35| 26) 57 92} 5] 6 
2| 31) 43 63 12 
2| 28) 45) 35) 27 65 9 
2 = 


MONTHLY WEATHER REVIEW 
TaBLe 1.—Climatological data for Weather Bureau stations, April 1986—Continued 


Aprit 1936 


~ 
> — — — 
100 
3803801 — 
4 2 
3 aa = 
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? Pressure not reduced to mean of 24 hours. 
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TaBLe 2.—Data furnished by the Canadian Meteorological Service, April 1936 
Pressure Temperature of the air | Precipitation 
Altitude 
oy Stati Sea level 
mean on v 
Station sea level, || reduced | reduced cow 4. — Mean | Mean ture | Total 
Jan. 1, || to mean | tomean| fom mean from maxi- mini- | Highest | Lowest Total from | snowfall 
1919 of 24 of 24 min. +2| normal mum mum normal 
hours hours 
Ft. In. In In. J. °F. > °F. In. In In. 
o ney, Cape Breton Island. -_-........ 48 29. 83 29. 88 —0. 01 39.9 +4.9 48.5 31.3 65 22 6.19 +2. 34 5.8 
alifax, Nova Scotia................... 88 29. 66 29. 77 —.19 39.8 2.0 46.0 33.5 59 26 4.79 +. 61 15 
Yarmouth, Nova Scotia................ 65 29. 84 29. 91 —.05 40.0 11 44.9 35.2 52 29 3. 51 —.31 43 
Charlottetown, Prince Edward Island_. 38 29. 81 29. 85 —.05 38.2 3.0 44.9 31.5 63 20 3.07 +. 42 19.5 
Chatham, New Brunswick 28 29. 78 29. 81 —.09 38.0 Be ty 45.9 30.2 74 22 2.18 —.45 15.2 
Father Point, Quebec... .. 20 29. 84 29. 86 —.07 35.5 2.3 40.8 30.3 61 21 2. 44 +. 86 9.8 
mebec, Quebec. .._....- 296 29. 57 29. 90 —.09 37.7 +2.6 43.8 31.7 7 22 5. 30 +3. 21 24.3 
ucet, Quebec. .......-. 1, 236 37.6 14.2 55 —20 24.8 
Montreal, Quebec... 187 
236 29. 68 29.95 —.07 38.8 46.1 31.6 64 17 4.06 45 
SE aaa 285 29. 64 29. 96 —.06 39. 4 —.6 45.9 32.9 61 20 3.17 1.38 16 
379 29. 58 30. 00 02 39.6 —1.2 45.8 33.4 64 24 3.00 +. 63 18 
Cochrane, g 36.2 19.3 55 2 1. 60 10.4 
White River, Ontario. 1, 244 28. 65 30. 00 —.04 26.0 —7.0 38.1 13.8 58 -17 1.95 +. 70 9.9 
Southampton, Ontario_-...........-.... 656 29. 27 30.00 —. 03 34.8 —3.9 41.4 28.2 66 14 3. 26 +1. 46 9.0 
Parry Sound, Ontario_................- 688 29. 26 29. 96 —.06 35. 2 —2.4 40.5 27.9 60 6 1.85 —.06 8.2 
Pore 644 29. 38 30. 12 +.09 29.1 —4.4 39.5 18.7 54 —10 1.95 +. 23 9 
Winnipeg, Manitoba...-..........-.-..- 760 29. 24 30.11 +.09 29.8 —6.1 40.1 19.6 65 —16 44 —.61 3.5 
Minnedosa, Manitoba.................. 1, 690 28. 23 30. 10 +. 09 29.4 —6.6 40.7 18.2 69 —15 47 —.59 3.1 
Qu'Appelle, Saskatchewan. 2,115 27.74 30. 04 +. 05 30.6 —6.8 41.8 19.4 72 —13 —.55 48 
Swift Current, Saskatchewan........... 2, 392 27. 45 30. 02 +. 06 37.6 —3.7 49.1 26.2 82 26 - 50 —.43 4.0 
Medicine Hat, Alberta................- 2, 365 27. 51 30. 02 10 40.4 —4.1 51.2 29.6 86 0 . 67 —.07 3.9 
3, 540 26. 32 30. 05 -15 36.9 —2.7 48.2 25.7 81 64 - 00 6.4 
Prince Albert, Saskatchewan_-.........- 1, 450 28. 47 30. 09 +.11 32.2 —3.9 43.0 21.4 66 —12 62 —.21 1.6 
Battleford, Saskatchewan 1, 592 28. 30 30. 08 +.11 33.6 —3.6 45.5 21.6 74 —13 Li 
Edmonton, Alberta. ........-.. 2, 150 27.70 30. 02 +.13 35.4 —4.5 46.4 24.4 76 —13 09 8.2 
Kamloops, British Columbia... 1, 262 28. 70 30. 00 +.07 52.0 +3.1 65. 4 38.7 86 15 - 66 27 0 
Victoria, British Columbia-_._- 230 29. 83 30. 09 +. 08 49.9 +3.1 56.3 43.6 67 32 -90 —1.47 2 
Estevan Point, British 20 51.8 41.3 58 
Prince Rupert, British 170 49.1 35.0 68 22 .0 
Hamilton, Bermuda................-..- 151 
LATE REPORTS FOR MARCH 1936 
Port Arthur, Ontario 644 29. 14 29. 87 —0.18 21.0 +4.2 29.9 12.0 45 —12 0. 55 —0. 42 5.3 


SEVERE LOCAL STORMS, APRIL 1936 
[Compiled by Mary O. Souder from reports submitted by Weather Bureau officials) 
[The table herewith contains such data as have been received concerning severe local storms that occured during the month. A revised list of tornadoes will appear in the Annual 


Report of the Chief of Bureau] 
Width of| Loss| Value of 
Place Date Time path, | of perty pe ao of Remarks 
yards life 

Tignall, near, Georgia. 1 | 8:30 p. 3 Tornado. -.......- 5 pred: 11 houses, 5 barns, and a store demolished; numerous 
anim: 

Lincolnton, Ga., and vicinity. 1/9p.m 2 50 houses wrecked; the courthouse, church, and a hotel 

amaged. 

Gordo, Ala., vicinity of.......-. 300 Tornadic winds_.| 5 ms injured; several buildings destroyed; path 1 mile long. 

Wills Valley, 1 | p. m- Heavy rain and Wills ‘Creek overflowed its banks, some resulting; 200 feet of 

q road was out. 

Hopkins County, Ky_-----.... ee ee a $15,000 | Wind and hail___| Barns and small buildings unroofed or blown down; hail at Madisonville 
damaged windows and greenhouses. 

Cama, 2 | 5:57 a.m.....-. 15,000 | 2 persons storm moved from northwest to southeast causi 
scattered damage; noise like a nearby passing freight train; trees 
toward southeast; path 5 miles long. 

200-500 1 Several nersons injured; number of buildings wrecked. 

Greensboro, N. 2 | 7:12-7:20 p.m_| 13-267 144 perbuus injured seriously; 56 buildings totally wrecked and 233 

y damaged; path 7 miles long. 
be same tornado that previously passed through Sasser and Leesburg, 
a. 
Lodge, near 8. C..-.....---..- 2 | 8:30 a. m_....- 80 1 1,000 |... p Farmer killed by a falling tree in his yard; path 1 mile long. 
Mebane to Arcola, N. C., 1 10, 000 Continuation of the Greensboro tornado; appears to have passed 4 
vicinity of. mile north of Mebane at 8 p. m., and was traced in an easterly direction 
fe for 6 miles; 4 persons injured; slight Gomene 3 miles north of Hillsboro; 
. f heavy cloud with a loud roar passed north of Arcola, a point 40 miles 
; ' from Greensboro, at 9:15 p. m. 
Cherry Lake, 2 5,000 | Thundersquall_._ Tre blown down; houses unroofed; some chickens 
t 
Aiken, 8. C., and vicinity..... 2,000 | Property 
; Hampton, Colleton, Barnwell, 2 5, 000 |_---- (RMS RET. Trees blown down; houses unroofed 
and Allendale Counties, 8. C. 
1 Miles instead of yards. 
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Width of| Loss| Value of Character of 
Place Date Time path, of Remarks 
yards | life storm 
tine, 34 | A heavy deposit of dust settled over the entire landscape turning 
Valen the snow to mud color and approaching Me inch in depth on sidewalks. 
Isard County, Ark--....-.----- ec) fy eee 400 1 40,000 | Tornado-......... 4 ns injured and property damaged; path narrow and 440 yards 
ville, Tenn. 5 | 7:30-9:30 1,000 | Thundersquall...| Storm started with severe thunder at 7:20 lightning interrupted 
p.m with severe thunder at p. m.; ru 
Nosh power and light service; wind of 44 miles from the aortbwest 
of damaging winds less than 10 minutes. 
5 | 8:05p.m......| 400-500 4 20,900 | Tornado. ........| 12 persons injured; property loss; path 25 miles long, not 
Cortese Tapes, Miss., Red 5 | 8:10 p. m....-- 440 4 10, 000 |..... Pe ORES a Coffeeville, 7 persons injured; property damaged; path 18 to 20 miles 
, Ala. ong 
on. Miss 5 | 8:55 p. m_...-.- 400 | 216 | 3,000, 000- |.....do..........- 700 persons injured; much property damaged; storm southwest to north- 
4, 000, 000 east; path 50 miles a 
Red Bay to Elkwood, Ala_...- 6 In Elkwood 6 persons ki and 15 injured; storm traveled 110 miles in 
xe northeasterly direction; amount of damage not estimated. 
Henderson and Jefferson 25,000 | Hail, § rain, and tobacco- beds, windows, and automobile tops dam- 
Counties, Ky. and win age cot, ae unroofed and trees blown down; $25,000 loss estimated 
m alone 
Gainesville and New Holland, 6 | 8:27-8:37 a. m__}.......... 203 | 13,000,000 | Tormadoes..-....-. 934 persons injured, not including over 700 who required first-aid treat- 
Ga. ment; 750 houses demolished and 254 badly consents 1,662 families 
registered for Red Cross aid. The first tornado struck on the campus 
of Brenau College at 8:27 a. m.; only minor damage occurred to the 
college buildings, but the trees on the campus were torn to pieces and 
the trunks thrown down in all directions; the course of Geomaction 
was narrow and extended nearly eastward through New Holland, 
northeastward into the country. The other tornadoes came along 10 
minutes later, 2 distinct funnel clouds appearing at once. These de- 
stroyed all but a few buildings in the business section. One course of 
destruction led into the city from the southwest, just to the west of the 
Atlanta highway; - —y | came in from nearly west along the Daw- 
sonville highway. sins came together west of Grove Street, 
and an area 4 locks in is wi h was laid waste across the entire city 
beyond which separate courses of destruction in appeared. Where 
the tornadoes finally disappeared is un but Lavonia, Ga., 
nearly 40 miles from Gainesville, experienced a tornado about an hour 
later, and Anderson, 8. C., had one the same day. The wreckage was 
astounding. In many places the debris was piled up 8 or 10 feet deep 
in the streets. 3-story vee flattened into 1 
Aeworth, near, 6 | 8:30 a.m DB 2 persons injured; 4 houses and a mill demolished; buildings dam- 
Anderson, S. C., and vicinity-. 6 | 10:05 a. m.._.-. 400-500 1 250, 000 |..--- Man killed in his home by falling 30 persons injured, some seri- 
ously; more than 50 homes wr uy ; power and com- 
munication lines disrupted. 
Atlantic City, and In Atlantic City extreme wind velocity of 65 miles per hour was registered; 
Corbin City, N. J. a 2,000-pound brick-tile wall collapsed under pressure of high wind, 
injuring a man and damaging an automobile; in Absecon a 2-story 
barn blown down; at Corbin City windows were broken in 2 houses. 
Wayne, Lewis, and 7:45 p. M...... 100-i, 320 10 202,000 | Tornado......... 55 persons injured; more than 30 houses demolished and many 
Mai Counties, Tenn. leaving 250 persons homeless. 
MeNairy County, 6 2,500 | Thunderstorm.._| Property damaged. 
Lawrence, Giles, Marshall, 6 Herd 1:30 p. m_j........-- 1 24,000 | Electrical and | 4 persons injured; 2 families marooned; property damaged. 
a and Franklin wind. 
‘enn. 
Warren County, Tenn........ 6 200 }..-.... 20,000 | Wind............ ont 15 made homeless; property damaged. 
aes Oo. and vicin- 6 ok 2,000 | Severe winds.....| Trees uprooted roofs damaged. 
Hardin County, 2, 500 j-.-.. Prop y 
near, Iowa. 
Lincoln, 13 overturned; plate glass windows and globes on street 
and creeks to overflow their banks in northern Minnesota; greatest 
mene at Ada where a hospital, 40 residences, and 6 buildings were 
dam east of Ada washed out; many acres of farm lands and 
several ~%. ~1— inundated; 2 bridges and part of railroad siding washed 
out. 
County, Va........-- 15 | 45 p. m....... 1,000 | Thunderstorm... to commande and small buildings over a path several miles long. 
Wek. 15 | 7:30 p. m...... 25,000 | Tormado_........ Property 
Norfolk, 1, 200 | Thunderstorm ___ Damage lightning to soft drink plant. 
15 | 10:30 p. m...-.. 14 0 800 | Tornado. -........ 
Abilene, Tex., and vicinity-... 15 | p.m. 
Fond du Lac and Milwaukee 15 ie cee 18, 000 | Wind and hail. .- ualls most severe in northeastern Dodge County and in the vicinity of 
Counties, Wis. ilwaukee and Waukesha. In Dodge and Fond du Lac Counties a 
number of smal] buildings were demolished; considerable damage to 
telephone lines; in Waukesha an ice house was unroofed and a large 
barn demolished; in Milwaukee windows were broken and a shelter 
shed of a school collapsed; 5 second-grad — were caught under the 
shed, their injuries necessitating hospital treatment; woman injured 
when blown against a pole, another yo~* injured by flying glass 
from a broken window; small damage from hail 
Glendale, Kans., and vicinity. 20 | 6p. m.. 500 | Wind and dust...| Storm had tornadic characteristics; dust entirely obscured the sky; 
a age demolished; outbuildings blown down. 
Caldwell, Idaho_.............- 2 | 4-5p. m-..-... 880 dows damaged; chickens killed; some loss to apricots 
crop; pat miles jong. 
Miami and Opa Locka, Fla... 26 | 5p.m-..-...--. 1,320 |.-...- 50,000| Thunderstorm | Light to heavy hail over a smal] area northwest of the city in the vicini 
and hail. of the municipal airport and Opa Locka; over a smal! area, 1,320 yards 
wide and 2% miles in length, the fall was a eptleneiie’ heavy and 
unprecedented in this section; depth of fall in the open 4 or 5 inches and 
2 feet deep when banked against the Goodyear airship hangar, remain- 
ing on the oroand 3 days; propert ye including at least 41 
residences in Opa Locka; many windows broken including 1,000 in \. -4 
southwest side of the many Ly many automobiles and an 
plane at the Naval Reserve damaged. 
Tornado. ........ 11 persons injured; property damaged. 
Holyoke, Colo...........-.---- 27 | 6:30 p. m.....-. 5 =e 1, 500 | Heavy hail....... Considerable damage to vegetable gardens. 
Wind and hail...| Heavy hailstones caused much damage to growing crops and fruit trees; 
won houses unroofed; amount of damage not estimated. 
Haxtun, Colo. 27 Heavy hail....... Loss to small grain. 
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Width of| Loss| Value of 
path Character of Remarks 


5,000 5 persons in ured. 

2 2,000 7 persons injured; storm had tornadic characteristics. 

15,000 | Hail..............| Damage to greenhouses, roofs, and windows. 


uero, 
Fort Bend County as 
Wharton County, Tex._.....-- 
Winnie to Orangefield. Tex... 
Webster and Nuckolls Coun- 

ties, Nebr., southern por- 


tions. 
York and Butler Counties, 
Nebr. 


Noon..-.....-. 1,000 |...-. Property damaged. 


Ed ly, Hathaway, om 
Plaucheville, and Bayou 


Bipesten, near, and Manson, 


low: 
Bradd; yville, 
d Nobles Counties, 


send Richland, Iowa. ... 


BR 
BS 


Do. 


In the school park a wood and steel stand, 240 feet in length, 


was 
blown to the ground and the steel supports badly bent; 6 small resi- 
dences, supported on piling, were toppled over toward the north; a 
board fence 10 feet surrounding the athletic field undamaged; 
large oak tree uprooted fell toward the north. 
Damage to windows and roofs. 
—- to greenhouses; automobile tops punctured; some loss in truck- 


Gardens and trees damaged by hail in Riverton; in Manson an empty 
tent blown over. 
wrecked; windows broken; telephone lines down 
Num r barns ch small bu: ildi ngs and ‘wrecked; some 
vestock and muc some damage by tning. 
Sheds and several windm on several sheep killed; consider- 
able damage reported 


7:30-9 a. m.... Thundersquall__.| Number of buildings moved — their foundations; roofs lifted; windows 
blown in; poles and wires down; boathouses wrecked; tree tree uprooted. 
Greatest damage in St. Paul and vicinity. 

3-4 p. m....... 0 .-| Tornado......... Property damaged; path short 

3-5:30 p. m_-—-.|/880-1, 760 2 565, 000 | ....- do..........-.| More tban 36 persons poh me injured; 62 farm and city homes totally 
destroyed and 79 badly damaged. Storm started as a windstorm in 
Sheldon, O’Brien County, at 2p.m. At 3p. m. the tornado made 
its first appearance in the extreme northwest portion of Waterford, 
Clay County, where 1 fe. was killed, 8 houses destro and a 
number of others badly aged. Near Milford 2 funnel clouds were 
observed and a a over west Lake oe also reported. 
Just after this the storm lifted, although heavy hail fell along the path 
to the northeast, with some stones measuring & inches in circumference. 
The next destruction occurred in Esthervil + Emmet County, at 4:17 
p.m. Because of the short lapse of time, it is believed that this was 
a new storm developing in advance of the original tornado, which 
followed along a short time later. 7, ay storm passed over the 
northern part of the city, wrecked or badly damaged 12 homes, blew 
down power and telephone lines, and u ngrecnes trees. The hospital 
was damaged, making care of the inju difficult. After this storm 
had a second one and passed along the 
southern ole of the city, “met undreds of trees and tearing 
out 800 feet of railroad track. It is believed the second storm was 


Rice, Dakota, Ramsey, and 
Washington Counties, Minn. 


Columbia, 
Clay, Dickinson, and Emmet 
Counties, Iowa. 


Ss 


Martin, Faribault, and Blue 30 | 5:30-6 p. m_.-- 11-2 3 850, 000 do. Tornado originated near Sheldon, in northwestern Iowa, entered Minne- 
Earth Counties, Minn. sota in the vicinity Tenhassen, south-central Martin County. Storm 
moved northeastward into Faribault County and was last re 
near Pleasant Prairie shortly after 6 p.m. Greatest destruction in 
Blue Earth, Faribault County; about 300 buildings — SS or 
badly damaged; silos and windmills wrecked; trees u ed; 
and wires down; farm machinery damaged; 20 persons pomes, pm 4 
livestock and poultry perished; jee of storm 25 miles long; damage 
in Martin County $500,000, in Faribault and Blue Earth Counties 


$350,000. 
0 Tornado and hail.| Barn, a number of small buildings, and trees destroyed; 1 mile L 
110 0 25,000 | Tornado. Number of outbuildings wrecked; many trees 880 


long. 
000 | Wind and hail...| Damage to buildings. 
000 | Tornadoand hail_| Trees broken; damage to electric and telephone wires; path 10 miles long. 
000 | Rain and flood__.| Long stretches of railroad track, bridges, culverts, and dams washei out; 
highways damaged; creosote block pavements buckled; basements 
flooded; much cordwood washed away; = livestock and much 
poultry drowned; considerable damage to prospective crops; rock- 
slides blocked highway traffic. 
ati i Sree 18,000 | Electrical........| Grain elevator destroyed by fire after being struck by lightning. 
000 | Rain and flood__.| Bridge washed awa ay, 2 others damaged; por pe inun 
= MR. cictyenwed Communication and power lines damaged and poles down; 2 farm build- 
; ings in Canton moved from their founuations. 


Union, Iowa 
Preston, Minn., and vicinity 
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Departure (°F.) of the Mean Temperature from the Normal. April 1936 


Varina, 

Minn.--...- 

Hanson, Lincoln, Minor, and 
McCook Counties, 8. Dak. 


sss 


Chart I. 
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Place 
acque, La. 
Lincoln, Nebr.......--------- 2-2:30 p. 333 |....-- 5,000 | Hail_............. 
and hail. 
| :15 a. Wind and hail... 
oe x passing Estherville the paths of the 2 storms followed somewhat er- 
: = ratic but generally parallel courses across Center Township, joined 
for a short distance, then separated again to pass on opposite sides of 
a Dolliver. The paths once more united and the storms passed into 
puanseste, east of Tuttle Lake, about 5:30 p. m.; path of storm 60 miles 
ong. 
ton Counties, Iowa. 
' 


April 1986. M.W.R. 


(—) Aoumoyep moys suonsod peprysug 
(+) s800x0 Moys pepsys | 
i 
of ~ ¢ 
i 
=r 


A 
Pend 


| 


oh, 
‘ 
ww oF ve \ 
; AL 
y j 


Omen, 


are ure Zz 26 ur 


Lx1v—35 
Ss 
| WwW 
m 
Ge 
N 


— 


April 1936. M.W. 


Of 


[BULION MOY Jo einqsedeq (sul) [dy ‘seuojoAoNUY jo siequeH 


Lx1v—36 
| \ | 


BXIV—37 


April 1986. M.W. R. 


06 


“Bul 0149 0U104"q UII “=I B JO MOTI 19410 


“IIT 


| | / %, \ \ | 
| Wy / / | 


| 
ie | 

| 
| 
: | 
FS 
| 
} 
| 
N S 
< 
| ( 
WRAY 


pee 


LxIv—38 
3 


Lxiv—39 


il 1936. M.W. R. 


Ap 


9 


t = 


"sayour g\0) = 


oS 


~ 
7) 
4) 
4 
ane! 
4 = 
1 
& 


SHEN NY 3 


April 1986. M.W. R. 


tuady 


Ooo! 006 


oot 


oot oot 


oor ool 


Lx1v—40 
| af a | 
| Ke | ~ | 
L — 


Lxiv—41 


Apri 1936. M.W. R. 


Lo uw 
' 


ony 


} } 
j 
q 
Fa 
4] 
7? | 


' 


‘ ty 


morz 


\ 
— 


on eg 


| = + ga: 
as 
= 
| 
{ 
| 
| 
| 
| j 5 / % 


April 1936. M.W. R. 


« 


} t 
Y > 
™~ 


ta 


4 youuRs 


mow 


a sor as 


qe, 
ass 


| 
4 


j j \ | 


LXIv—42 
— 
| | : } \ \ | 


-USIYBY Ul JO Ite jo 
‘Soy == ‘mous W ‘ures 
@ ‘Apnojo {paved © 
-NBeg ‘3010] 89} BOI PUI JO 
ey) Ag smoury + 
CL ‘W ‘008T PUY ) 
ONINXOW 


= 


venr ues 


Apri 1936. M.W. R. 


| | =< a2 2 | 


April 1986. M.W.R. 


sare ‘sequinu ‘seatep 
-UdIYBY Ul JO PUB IIB JO 
PUL] BVIIPUI SMOLIB 
‘Boy == ‘mous ‘fey W ‘ures 
| @ ‘Apnoyo Apued © O 
JO SOYOUL UT 
-PBal MOUS SIBQOS] 
‘O08 PUB 00, ) 
ONINYOW 


‘6 [dy ‘uve0H GON Jo “X 


[~ Moy / \ 

/ % 

2 
--* \ \ \ | 
7s / m | ° | 


‘ 
be 


